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Abstract

The goal of this study was to characterize the trabecular microarchitecture of the femoral head using micro-computed
tomography (wCT). Femoral head specimens were obtained from subjects following total hip replacement. Cylindrical cores
from the specimens were scanned to obtain 3-D images with an isotropic resolution of 26 um. Bone structural parameters were
evaluated on a per millimeter basis: relative bone volume (BV/TV), trabecular number (Tb.N), thickness (Tb.Th) and sepa-
ration (Tb.Sp), structure model index (SMI), and connectivity (Conn.D). The uCT data show that the first two millimeters,
starting at the joint surface, are characterized by more plate-like trabeculae, and are significantly denser than the underlying
trabecular bone. Regional differences in the trabecular architecture reveal that the superior pole has significantly higher
BV/TV, Tb.N and Tb.Th values, with lower Tb.Sp compared to the inferior and side poles. Because subchondral bone is essen-
tial in the load attenuation of joints, the difference in bone structure between the subchondral and trabecular bone might arise
from the different functions each have within joint-forming bones. The denser trabecular structure of the superior pole as com-

pared to the inferior pole can be interpreted as a functional adaptation to higher loading in this area.
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Introduction

The hip, particularly the femur, is a predisposed site for
symptoms of orthopaedic disease. In our present study we
have focused on analyzing the trabecular bone structure of
femoral heads with osteoarthritis (OA).

OA is a major cause for joint dysfunction in the elderly,
and is associated with severe pain and immobility'?. In its
late stages OA is the most frequent indication for total hip
arthroplasty’. Dominating anatomical changes in OA
include osteophytes and cartilage deterioration with eventu-
al exposure of sclerotic subchondral bone. As a result of
pathological overloading and malnutrition, compressional
micro-fractures in this bone region are frequent, leading to
the formation of pseudocysts®. As younger patients also suf-
fer from OA, the “wear and tear” explanation is not suffi-
cient. Simplistically, OA is the result of the joints’ inability to
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withstand mechanical loading. The joint is an anatomical
structure composed of many elements such as bone, carti-
lage, ligaments, muscles, synovial tissues, and liquid. It is
therefore likely that OA is a multifactorial disease. The
major question that remains to be answered is how the dif-
ferent joint-forming tissues act in the initiation and progres-
sion of OA.

An idea that has evolved in recent years is that cartilage
and subchondral bone form a tight functional unit and that
OA is a disease of this unit. Whether changes in the cartilage
or in the subchondral bone initiate the process is unknown.
Radin et al. have shown that subchondral bone as compared
to articular cartilage is of essential importance for the atten-
uation of loading in the joint®, proposing that early cartilage
degeneration, as seen in OA, is associated with changes in
the subchondral bone’s ability to absorb impact®. McKinley
and Bay showed that trabecular strain distribution is altered
by induced cartilage defects and that these changes can be
site specific’. Dieppe et al. showed, with scintigraphical tech-
niques, an increased subchondral bone metabolism in
arthritic knees®, further supporting the theory that subchon-
dral bone changes are significant in the development of OA.

In a more general view of how OA presents itself, it is
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Cartilage [mm] BMD [gr/cm?]

gender age Noyes Scale - - - - - - -
superior inferior side superior inferior
male 90 IITA 0.74 1.50 1.35 0.46 0.29
male 56 IITA 0.00 1.97 0.30 0.23
male 56 IITA 0.20 1.11 2.18 0.28 0.23
male 52 IIIB 1.63 1.44 0.88 0.22
female 60 IITA 0.25 1.58 2.45 0.26 0.18
male 73 IITA 0.00 311 1.72 0.28 0.22
female 71 IIIB 0.80 2.62 2.63 0.20 0.18
female 66 IITA 0.69 1.84 2.50 0.20 0.26
male 61 IITA 0.00 1.49 2.22 0.28 0.26

Table 1. Age, gender and Noyes Scale of each femoral head and the average cartilage thickness and bone mineral density of the respective

superior, inferior and side pole cores.

known for hip OA that the cartilage degeneration of the
proximal femur shows regional differences”'’. Specific areas
of the femoral head consistently show higher cartilage
degeneration than others, suggesting a regional dependency
of OA. In physiologically healthy conditions, the main struc-
tural function of the proximal femur can be summed up as
the transfer of body weight from the pelvis onto the lower
limb, providing the body with maximum stability in static as
well as in dynamic conditions. In addition to the body weight,
forces of attached muscles and ligaments form the overall
load that acts upon the femoral head.

For the load distribution within the femoral head itself,
multiple factors, such as tissue composition, geometry, load
direction, and magnitude have to be considered. Different
regions of the femoral head undergo different mechanical
stresses and loading. We can identify regions in which com-
pressive loading prevails more than in others'’. The different
tissue types will adapt to the mechanical loading with corre-
sponding structural changes according to Wolff’'s Law'
Specifically for the bone component of the femoral head,
those adaptive processes will most likely be detectable in the
subchondral and trabecular bone structure. Therefore, we
hypothesize that regions within the femoral head will differ
in their trabecular microarchitecture due to the different
mechanical stress and load.

Using micro-computed tomography, a newly developed
imaging modality, the aim of this study was twofold: i) to
observe three-dimensional changes in microarchitecture as a
function of depth from the joint surface, enabling analysis of
subchondral bone and trabecular bone architecture, ii) to show
regional microarchitectural differences in the subchondral and
trabecular bone of the femoral head (i.e. superior versus infe-
rior versus side poles) in the femur of subjects with OA.

Material and methods

Specimens and preparation. Nine femoral heads were
obtained from 8 subjects (three female, five male) who
underwent total hip replacement (one subject having a bilat-

eral total hip replacement). The average age was 65 years
and ranged from 52 to 90 years. For all subjects, indication
for the surgery was degenerative osteoarthritis of the hip.

The femoral heads were visually evaluated by an
orthopaedic surgeon for their grade of cartilage lesion using
the following modified Noyes Scale: IA - focal cartilage soft-
ening; IB - extensive cartilage softening; IIA - fissuring with
cartilage thinning of about 50%; IIB - fissuring with cartilage
thinning of more than 50%; IIIA - full cartilage thickness
loss; I1IB - full cartilage and bone loss (Figure 1).

With a water-cooled diamond tipped drill bit we obtained
38 cylindrical cores from the femoral heads, each with a
diameter of 7 mm and a height varying from 14 mm to 31
mm. The diameter of the core was selected such that it could
be accommodated within the BCT scanner, and could be
imaged at the highest possible resolution. The cores includ-
ed (if existing) articular cartilage, cortical, subchondral and
trabecular bone. A total of 15 cores from the superior pole
(superior to the fovea capitis femoris), 8 from the inferior
pole (inferior to the fovea capitis femoris), and 15 from the
side poles (anterior and posterior side of the femoral head)
were acquired (Figure 2). The cores were stored in a 10%
formalin-saline solution.

Bone mineral density measurements and X-ray imaging.
Bone mineral density is often considered a necessity in bone
studies, as it is a methodology that can be easily extended to
the clinical realm. In order to document these measures of
BMD, and their correspondence to our high resolution stud-
ies, BMD was measured in a subset (23 cores) from the supe-
rior and inferior pole. The measurements were made using a
clinical dual energy X-ray absorptiometer (DEXA) (Hologic
QDR-4500A, Bedford, Massachusetts, USA) with a standard
AP spine scan mode. Analysis was performed using the low
density spine software with rectangular regions of interest.

Planar radiographs were taken of all cores with a voltage
of 50 kVp and an exposure time of 100s.Using the 7 mm core
diameter as a calibration, the cartilage thickness was deter-
mined from the digitized radiographs at three locations, as
seen in Figure 3.
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Figure 1. Representative images of Noyes Scale IIT A (A) and B (B) graded femoral heads. The arrows indicate the border of cartilage
degeneration. On Figure B bone is exposed.

Figure 2. Diagram showing the location of the sample sites. Cores were extracted from the superior pole (black), inferior pole (dark grey),
and side poles (light grey).
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Figure 3. Representative X-ray image of sample, showing the sites
used for cartilage thickness determination.

Micro-computed tomography (uCT) imaging. The cores
were scanned in plastic vials, immersed in a 10% formalin-
saline solution using a high resolution MicroCT system (wCT-
20, Scanco Medical, Bassersdorf, Switzerland). Images were
obtained with a cubic voxel size of 26 um and regions of
interest were placed within trabecular bone, starting beneath
the bone surface®. The resulting gray level images were
binarized into a bone and marrow phase by first applying a
low pass Gaussian filter (width = 0.5, support = 1 or a ker-
nel size of 3) to remove noise and then using a single, man-
ually selected threshold for all samples. The following three-
dimensional structural parameters were calculated for con-
secutive millimeter increments, starting at the joint surface:
relative bone volume (BV/TV), trabecular number (Tb.N),
thickness (Tb.Th) and separation (Tb.Sp), structure model
index (SMI), and connectivity (Conn.D). The data analysis
on a per millimeter basis enabled us to analyze and describe
structural dependencies as a function of depth.

Tb.Th, Tb.Sp and Tb.N were assessed using the distance
transformation method described by Hildebrand et al.", i.e.
Tb.Th was calculated as the mean diameter of spheres filling
the trabecular structure, while similarly Tb.Sp was calculat-
ed as the mean diameter of spheres filling the marrow phase.
Inversing the mean diameter of spheres filling the skele-
tonized structure resulted in the Tb.N. The Structure Model
Index (SMI), a parameter describing the general shape of
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the structure, was calculated as follows':

- 455
SMI=6 - BS’

BV (bone volume) and BS (bone surface area) are calcu-
lated from a surface generated by a triangle meshing tech-
nique based on the Marching Cubes method'®, and dBS/dr is
determined by calculating the differential change in BS as
the surface triangles are extended along the direction of the
surface normals. The theoretical SMI value for a perfect
cylinder (rod) is 3, while a perfect plate is 0. Negative SMI
values are possible when the surfaces become increasingly
concave (i.e. the dBS/dr factor becomes negative), as is seen
in high density subchondral bone, or in regions with fenestra-
tions and remodeling, in a plate-like structure. Furthermore,
Conn.D was determined by calculating the Euler number
after removing any extraneous unconnected elements'”.

The X-ray source in the BCT scanner was not monochro-
matic, and no calibration phantom has been validated thus
far, hence the extent of mineralization was not determined
from the BCT scans.

Statistical analysis. The data were transferred to a
Microsoft Windows based system and tabulated using Excel
software. Depth based and regional dependent analysis was
performed. Statistical analysis included the Renitex model
with F-test analysis of variance. Tabulated values included p-
and t-test values and the Pearson product correlation
moment coefficient.

Results

Cartilage and orthopaedic assessment. All specimens were
graded as Noyes II1, revealing full cartilage thickness loss, with
two including bone loss (Noyes III B). The evaluation of the X-
ray images (such as shown in Figure 3) reveals that the high-
est cartilage deterioration is found at the superior pole. With
average cartilage thicknesses of 0.59 mm for the superior
pole, 1.74 mm for the inferior, and 1.85 mm for the side
poles, the t-test (p<0.05) shows that the differences between
the superior pole, compared with the inferior and side poles
are highly significant, while the inferior pole and the side
pole show no significant difference from each other. The
DEXA measurements show that samples from the superior
pole (BMD=0.28 gr/cm?) have significantly higher BMD val-
ues (p=0.05) as compared to the inferior pole
(BMD=0.23gr/cm?). In the superior pole region the correla-
tion between BMD and cartilage thickness is significant (r=-
.50), whereas for the inferior pole no significant correlation
(r=0.007) was found. Table 1 summarizes the data of each
femoral head.

pCT results. Figure 4 shows representative images of
cores from the same femoral head, depicting the differences
in trabecular bone structure in different regions, and depths
of the femoral head.

Subchondral and trabecular bone structure relative to depth:
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A

Figure 4. 3-D pCT reconstruction of representative cores (superior pole [A]; inferior pole [B]; side pole [C]) of the same femoral head and
cross sectional uCT images at a depth of 1.5 mm [I] and 12 mm [II] from the joint surface.

For each location, Figure 5 A-F shows the mean values of
the structural parameters plotted as a function of depth. A
range from 0 to 15 mm starting right beneath the cortical
shell is covered. It can be seen that the most prominent
changes occur within the first millimeter of the samples. For
BV/TV, Tb.N, and Tb.Sp this is highly significant
(p<0.0001) for the first two millimeters. After approximate-
ly the first five millimeters, depending on the parameter, a
steady decreasing (e.g. BV/TV, Tb.N) or increasing (e.g.
Tb.Sp, SMI) trend from the superior to the inferior pole is
observed. The superior pole graphs and the inferior/side
pole graphs converge with each other at greater depths, as
they aim towards the center of the femoral head. For the
whole femoral head (superior, inferior, and side pole), the
number of trabeculae (Tb.N) is highest close to the joint sur-
face. Consequently Tb.Sp in this depth region is rather low
and BV/TV is high. With increasing depth from the joint sur-
face, Tb.N and BV/TV initially decrease rapidly while Tb.Sp
increases. For Conn.D and SMI a similar behavior can only
be found for the inferior and side pole. Here the trabecular
network shows higher connectivity with rather plate-like tra-
beculae close to the joint surface. With depth, connectivity
decreases and the trabeculae become more rod-like.
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Interestingly, Tb.Th is the structural parameter that shows
the least significant depth-dependent variations.

Regional changes/differences (superior versus inferior versus
side pole): Differences in structural parameters due to
regional factors (superior, inferior, and side pole) are highly
significant (for p-values see Table 2). The figures show that
the inferior and side pole are closely linked to each other;
their structural parameters do not differ in a statistically rel-
evant manner, with one expectation being for Tb.Th in
depths greater than five millimeters. Compared to these, the
superior pole shows highly significant increased values for
BV/TV, Tb.N, and Tb.Th with lower Tb.Sp. In regions near
the joint the values for Conn.D of the superior pole do not
differ from the inferior and side pole, but with depth it can
be seen that the superior pole has higher Conn.D values.

Cartilage/structure relationship: The Pearson correlation
coefficients calculated (see Table 3) show strong negative
correlations for cartilage thickness with BV/TV, Tb.Th, and
Tb.N. Positive correlations were seen with Tb.Sp and SMIL
Finally the Pearson correlation coefficient was also calculat-
ed to examine the cartilage thickness, BMD relation. This
was also found to be negatively correlated with cartilage
thickness, though not as strongly as BV/TV.



A.S. Issever et al.: Bone structure in the femoral head

sup. vs. inf.

sup. vs. side inf. vs. side

BV/TV Region 1 0.0015 0.0053 0.1252
BV/TV Region 2 <0.001 < 0.001 0.2933
Tb.N Region 1 0.0218 0.0814 0.3833
Tb.N Region 2 <0.001 <0.001 0.5534
Tb.Th Region 1 0.0020 0.0017 0.1673
Tb.Th Region 2 <0.001 0.001 0.001
Tb.Sp Region 1 0.0096 0.0439 0.7341
Tb.Sp Region 2 <0.001 <0.001 0.8699
SMI Region 1 0.0090 0.0055 0.1969
SMI Region 2 <0.001 <0.001 0.3927
Conn.D Region 1 0.9638 0.7666 0.1766
Conn.D Region 2 <0.001 <0.001 0.0721

Table 2. Paired t-test values (p-values) for superior vs. inferior vs. side pole comparison over the first 3 mm (Region 1) and 4-15 mm (Region 2).

Parameter Pearson correlation coefficient (r)
For Cartilage Thickness
Conn.D 0.0634
BV/TV -0.5785
Tb.Th -0.6398
Tb.Sp 0.4315
Tb.N -0.3671
SMI 0.6160
DEXA-BMD -0.4628

Table 3. Pearson correlation coefficients (r) calculated for each structural parameter over the first 2 mm against cartilage thickness.

Discussion

Changes seen as a function of depth. The results show
that for all regions, the greatest rate of change for the struc-
tural parameters occurs within the first two millimeters (sub-
chondral bone). Compared to trabecular bone, subchondral
bone is structurally characterized by an increased number of
plate-like trabeculae. Subchondral bone is of essential
importance for the biomechanical function of the joint.
Radin et al.>® have shown that subchondral bone absorbs
most of the impact under joint loading and distributes this
load onto the underlying trabecular bone structure.
Assuming that within the femoral head there are two struc-

tural compartments which are different in volume size (the
rather thin outer fringe of subchondral bone and the inner
trabecular bone), and considering that both of these com-
partments have to bear the same load, it is obvious that with-
in the subchondral bone, the “load / volume” ratio is much
higher than in the trabecular bone. According to Wolff’s
Law', this will lead to adaptive bone turnover processes,
with increased density of the subchondral bone structure as
seen in our results. The question arises why there is, after the
first initial millimeters, such an abrupt change in the bone
structure. What is the significance of two structurally differ-
ent types of bone not only within the femoral head but for all
joint-forming bones, if both types bear, respectively transfer
the same load? A possible answer suggested by recent stud-
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Figure 5. Mean values of structural parameters (y-axis) plotted as a function of depth in millimeter increments from the joint surface (x-
axis), with average standard deviations (SD) in legend [BV/TV (A); Tb.N (B); Tb.Th (C); Tb.Sp (D); SMI (E); Conn.D (F)].

ies is that subchondral bone is not only essential for mechan-
ical purposes, such as absorbing and transferring load, but
also has other functions within the joint itself, that are not
carried out by the trabecular bone. As described by Imhof et
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al., subchondral bone is highly vascularized and it is closely
connected with the basal layers of cartilage via vascular
channels, supplying the deeper cartilage zones with addi-
tional blood flow®. It seems that the cartilage and the under-



lying subchondral bone form a tight functional unit.
Although histologically they belong to different tissue types,
they influence each other mutually.

Regional differences. Regional differences in the structur-
al parameters of the subchondral and trabecular bone are
highly significant. The superior pole compared to the inferior
and side poles shows a denser structure. As the inferior and
side poles do not differ structurally from each other, focus
will for reasons of simplicity, be on changes seen between the
superior and inferior poles. Greenwald et al. have described
a region of the femoral head which independent of the posi-
tion predominately articulates, with the acetabulum at large
loads. This region is located in the area from which we took
our superior pole samples. Likewise the area from which we
obtained our inferior pole samples has been described by
Greenwald et al. as an area of habitual non-contact, which
does not articulate with the acetabulum in any position and
any load". We can presume therefore, that the superior pole
of the femoral head is the load-bearing pole, where high
compressional forces act, whereas the inferior pole is the
non-load-bearing region of the femoral head. According to
Wolff’s Law higher mechanical loading leads to a positive
bone turnover which is reflected in the trabecular microar-
chitecture of the superior pole. As described in the results the
superior pole is more dense, with higher values in Tb.N,
Conn.D, and Tb.Th. while Tb.Sp is eventually lower. The
negative SMI values in the superior pole show that the dense
structure in this region has more concave than convex sur-
faces while the inferior and side poles show plate or rod-like
structures with convex surfaces (Figure 6). The increased
density of the superior pole is also reflected in the higher
BMD values as assessed by our DEXA measurements.

This study does not, however, document the heterogene-
ity as a function of specimen size in each of these poles of the
femur. We were restricted in core diameter by the resolution
we wished to achieve for all our studies in the BCT scanner.
Doubtless, adjoining regions in the superior pole show a
continuous change or variation in bone structure, but this
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was within the scope of this study.

Cartilage/bone relationship. The correlations between
the measured cartilage thickness and the various structural
parameters suggest a structural thickening process is linked
with cartilage degeneration. BV/TV and Tb.Th in particular
are strongly linked to changes in cartilage thickness while
Tb.N is less so and the correlation with connectivity is very
weak. This suggests the increase in bone density may be the
result of structural thickening as opposed to the addition of
new trabeculae. The strong positive correlation for SMI also
potentially indicates that subchondral sclerosis is linked with
cartilage degeneration.

Conclusion

Previous studies have described the relationship between
cartilage degeneration and increased stiffness of the under-
lying subchondral bone. Radin et al. proposed that steep
stiffness gradients within subchondral bone propagate
through the cartilage and lead to cartilage degeneration
through overloading. As we have not performed mechanical
tests on our samples, we can not make statements about the
stiffness, but clearly our results show that the subchondral
bone of the superior pole is much denser than the inferior
pole. If we presume that higher trabecular density is linked
to increased stiffness we can explain the higher rate of carti-
lage deterioration in the superior pole samples as seen on
our X-ray images.

Recent studies have shown that changes in subchondral
bone are closely linked to cartilage changes™*.. In this study,
it was not possible to harvest “normal” cadaveric specimens,
as our tissue bank had age-matched controls which either
had hip pathology, such as avascular necrosis, or fracture,
and young donors were typically trauma cases. Thus, since
we only included osteoarthritic samples, our results focus on
regional changes within the femoral head, showing that cer-
tain regions are subjected to higher cartilage deterioration

Figure 6. 3-D renderings showing subchondral bone near the articular surface of the superior pole with SMI < 0 (A) and trabecular bone

12 mm from the articular surface of the inferior pole with SMI > 0 (B).
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and denser bone structure than others in the degenerative
hip joint. To understand the chronology of this process,
whether cartilage changes precede the bony changes, or vice
versa, in OA, warrants further in vivo, longitudinal studies,
using methods such as magnetic resonance or perhaps high
resolution spiral computed tomography coupled with mag-
netic resonance.
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