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A B S T R A C T

Objectives: We quantify 3-D microarchitectural properties of femoral head cancellous bones from patients with
rheumatoid arthritis (RA, n ¼ 12), osteoarthritis (OA, n ¼ 15), osteoporosis (OP, n ¼ 24), or donor controls (CNT,
n ¼ 8); and investigate their rod- and plate-like trabecular morphometric properties of trabecular bone tissues and
compare these properties between them.
Methods: Femoral heads were harvested during total hip replacement surgeries or collected from donors. Four
cubic cancellous bone samples produced from each femoral head were micro-CT scanned to quantify their
microarchitectural and rod- and plate-like trabecular properties. The samples were then tested in compression to
determine mechanical properties.
Results: The microarchitectural properties of femoral head cancellous bone revealed significant differences among
the 4 groups, but not between RA and OA. Bone volume fraction was significantly greater in the RA and the OA
than in the OP and the CNT. Structure model index was significantly lower in the RA and the OA than in the OP.
Number of rods in the RA was significantly greater than in the other 3 groups. Number of plates and plate volume
density in the RA and the OA were significantly greater than in the OP and the CNT. Mechanical properties were
significantly greater in the RA and the OA than in the OP. The single best determinant for mechanical properties
was bone volume fraction.
Conclusions: This study demonstrates significant differences in 3-D microarchitectural properties and rod- and
plate-like trabecular morphometric properties among patients with RA, OA, or OP. The RA and OA cancellous
bones displayed similar patterns of microarchitectural degeneration and pronounced different microarchitectures
from the OP. The OP group revealed the weakest cancellous bone strength, while the RA and OA groups exhibited
a compensatory effect that maintains bone tissues, and hence mechanical properties.
The translational potential of this article: The study enhances the understanding of microarchitectural degeneration
of diseased cancellous bone. The OP group had the weakest cancellous bone strength, while the RA and OA groups
exhibited a compensatory effect that maintains bone tissues, and hence mechanical properties. These results are
particularly important for design and survival of joint prosthesis.
1. Introduction

Rheumatoid arthritis (RA), osteoarthritis (OA), and osteoporosis (OP)
are the most common bone diseases worldwide, causing major public
health problems in terms of pain, reduced physical activity, quality of
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life, and increased mortality leading to enormous economic cost [1–3].
RA is a highly bone destructive disease leading to bone erosion, and it is
frequently associated with both para-articular and generalized osteopo-
rosis [4]. OA is an age-related degenerative disease characterized path-
ologically by focal areas of articular cartilage loss associated with varying
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Table 1
Age and sex of patients for each group.

Patients/donor Total Age (years) Sex

Mean � SD Range male Female

Rheumatoid arthritis n ¼ 12 63.1 � 16.2 29–86 n ¼ 4 n ¼ 8
Osteoarthritis n ¼ 15 67.5 � 8.0 53–82 n ¼ 4 n ¼ 11
Osteoporosis n ¼ 24 82.8 � 6.2 71–94 n ¼ 7 n ¼ 17
Donor control n ¼ 8 76.8 � 11.1 52–92 n ¼ 4 n ¼ 4
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degrees of osteophyte formation, subchondral bone change, sclerosis,
and synovitis [2]. OP is a multifactorial disorder associated with low
bone mass and enhanced skeletal fragility [5,6].

These diseases have abnormal bone remodeling characterized by an
imbalance between bone resorption and bone formation. In RA, systemic
and local factors disrupt the process of physiologic bone remodeling.
Local microenvironment and mechanical forces, cell types, and inflam-
mation have very different effects on bone, often resulting in bone loss in
joints and in periarticular and systemic bone in RA. The inhibition of
osteoblast-mediated bone formation limits erosion repairs in the RA joint
[7,8]. In OA, early bone loss due to increased bone remodeling is fol-
lowed by slow turnover that induces subchondral plate densification and
the complete loss of cartilage at the late stage. Decreased bone resorption
occurring without a decreased bone formation and subchondral sclerosis
development are typical characteristics of late-stage OA [9–11]. In OP,
bone loss accelerates in women at menopause due to increased remod-
eling intensity. Basic multicellular units (BMU) balance becomes
increasingly negative due to estrogen deficiency reducing osteoblast
lifespan and increasing osteoclast lifespan [5]. Endocortical resorption
and accumulating cortical porosity increase the surface available for
resorption, thereby leading to accelerated bone loss among elderly men
[12].

Abnormal bone remodeling effectuates significant changes to the 3-D
microarchitecture of bone tissues. Several studies have been performed
using high-resolution peripheral quantitative computed tomography
(HR-pQCT) and micro-computed tomography (micro-CT). However,
previous reports of cortical thickness and porosity were controversial
[13–15]. One in vitro study of the femoral neck revealed that RA
cancellous bone had significantly greater BV/TV and surface density
(BS/TV) compared to the donor control group, although RA bone tissues
exhibited severe erosion [16]. Moreover, other in vitro study revealed
that OA femoral neck cancellous bone exhibited significantly greater
bone volume fraction, as well as typical plate-like structure and surface
density, while OA bone tissue displayed marked osteophyte formation
[16,17]. In OP, a high remodeling rate reduces the mineral content of
bone tissue. The negative BMU balance resulted in trabecular thinning,
the disappearance and loss of connectivity, cortical thinning, and
increased intracortical porosity [5].

Over the past three decades, much has been learned regarding the 3-D
microarchitectural properties of these diseased bones, which provides
significant information on changes in properties among bone tissues [17,
18]. There are some published studies comparing femoral head (and
neck) trabecular bone microarchitecture and mechanical properties be-
tween OA and OP [19,20] as well as between OA and controls [21,22].
Nevertheless, a comprehensive comparison of the microarchitecture of
cancellous bones between RA, OA, OP and donor control (CNT) simul-
taneously is lacking.

Recently, a novel approach to the volumetric spatial decomposition
(VSD) of trabeculae from micro-CT images has become available. A 3-D
bone structure can be divided into its basic rod and plate elements,
thereby allowing the computation of various trabecular morphometric
index parameters [23,24]. However, knowledge regarding the rod- and
plate-like trabecular morphometric properties of these diseases also re-
mains limited.

As such, the aims of the present study were: 1) to investigate and
compare the 3-D microarchitectural properties of cancellous bones in the
femoral heads of patients with RA, OA, OP, or donor controls; and 2) to
quantify and compare their rod- and plate-like trabecular morphometric
properties. We hypothesized that the 3-D microarchitectural properties
and rod- and plate-like trabecular morphometric properties would differ
significantly among groups, and that they would exhibit different levels
of bone quality deterioration.
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2. Materials and methods

2.1. Human femoral head samples

This study included femoral head samples harvested during total hip
replacement surgery from patients with rheumatoid arthritis (n ¼ 12,
male ¼ 4), osteoarthritis (n ¼ 15, male ¼ 4), and osteoporosis (n ¼ 24,
male ¼ 7). A total of eight donor controls were also included (male ¼ 4).
A strict inclusion criterion was used for selecting samples: (i) Caucasian
patients; (ii) the diagnosis of RA, OA, or OP were confirmed by clinical
and radiological evidence; and (iii) radiological, biochemical, and his-
tological tests ruling out any other disease (such as congenital or ac-
quired dysplasia, gout, or avascular necrosis) (see Table 1).

Eight control femoral heads were collected at the Department of
Neurobiology Research, University of Southern Denmark, from Cauca-
sian donors who donated to anatomical education. Macroscopically, the
femoral heads/necks were free from pathological changes, and the
articular cartilage was relatively intact. The control donors’ medical
histories were also checked to exclude any metabolic diseases that might
affect bone microarchitecture.

Written informed consent was obtained from all patients who un-
derwent total hip replacements, and from donors to offer cadavers for
anatomical education and research. The Department of Orthopedic Sur-
gery and Traumatology, Odense University Hospital, and the Ethic
Committee of the Region of Southern Denmark have approved this study
(ID: S-VF-20040094).
2.2. Sample preparation

During standard total hip replacement procedures, the femur head
was sawed off at the femoral neck based on a preoperative template. The
femur head and concomitant femoral neck samples were immediately
placed in sealed plastic bags and stored inside glass containers and kept
at �20 �C. Prior to further preparation, the samples were placed at room
temperature for 2 h to defrost. The femoral heads and necks were care-
fully cleaned of soft connective tissue using a scalpel. A first saw was
made 10 mm from the top of femoral head, and a second saw was made
10 mm distally along the femoral head/neck to obtain a 10 mm thick
segment (Fig. 1).

A diamond-coated band saw – the EXAKT-Cutting Grinding System
(Exakt Apparatebau GmbH & Co. KG, Norderstedt, Germany) – was used
for the sawing procedures at low speed. The aforementioned segments
were glued onto a special device and mounted on a saw Microtome 1600
(Ernst Leitz Wetzlar GmbH, Wetzlar, Germany). The samples were
continuously irrigated with tap water during sawing (Fig. 1). A total of
four cubic cancellous bone samples (10 � 10 � 10 mm3) were produced
from the standardized locations of each femoral head. The number and
orientation of each sample were identified as antero-posterior (AP),
medial-lateral (ML), and cephalo-caudal (CC) [25]. After preparation, all
the specimens were frozen and stored in sealed plastic tubes at �20 �C
until micro-CT scanning or mechanical tests.



Figure 1. Study design and sample preparation are illustrated. (a) Diseased
femoral heads were harvested during total hip replacement surgery. Donor
control femoral heads were also collected. (b) The section direction was per-
formed according to the loading axial of the femoral head. The sample was
sawed 10 mm from femoral head surface. Then, a second saw was made at 10
mm beneath the first section to produce a 10-mm thick segment using a
diamond-coated band saw. (c) Four cubic cancellous bone samples were sawed
from each segment. (d) All the samples were micro-CT scanned. 3-D micro-
architectural properties and morphometric properties were then quantified. (e)
After 10 preconditioning cycles between a preload of 3 N and a strain of 0.006,
the samples were further tested in compression to failure in order to determine
their mechanical properties.
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2.3. Micro-CT scanning

All samples were micro-CT scanned using a high resolution micro-
tomographic system (vivaCT 40, Scanco Medical AG., Brüttisellen,
Switzerland) with a voltage of 70 kV and a current of 85 μA. Each 3-D
image data set consisted of approximately 800 slices. The scanned im-
ages resulted in 3-D reconstruction cubic voxel sizes of 12.5 � 12.5 �
12.5 μm3 (2048 � 2048 x 2048 pixels) with 32-bit-gray-levels. For field
of view, the scan diameter was 2048 pixels x 12.5μm/pixel ¼ 25.6 mm,
and the volume was 25.6 � 25.6 � 10.0mm3. All micro-CT images were
segmented by applying the optimal threshold of 210 and using previously
described segmentation techniques [26] to obtain accurate 3-D imaging
data sets.
161
2.4. 3-D microarchitectural analysis

The 3-D microarchitectural properties of cubic cancellous bone were
calculated using true, unbiased, and assumption-free methods [27–29].
Bone volume fraction (BV/TV, %) was computed as the percentage of
bone volume per total specimen volume [26]. Direct trabecular thickness
(Tb.Th, μm) was calculated independently of an assumed structure type
[29]. Architectural anisotropy (the orientation of trabeculae) was
quantified using the mean intercept length method. Degree of anisotropy
(DA, -) was determined as the ratio between primary and tertiary ei-
genvalues [30]. Connectivity density (Conn.D, mm-3), based on a topo-
logical approach, measured a multiple connections within trabecular
bone [27]. Bone surface density (BS/TV, mm-1) was computed as the
percentage of bone surface per total specimen volume, and bone surface
to volume ratio (BS/BV, mm-1) was the ratio between bone surface and
bone volume. Trabecular separation (TbSp, μm), the mean distance be-
tween trabeculae, and trabecular number (TbN, mm-1), and the mean
number of trabeculae were also calculated (Fig. 2).

2.5. Local morphometric analysis

To compute morphometric indices at the trabecular level, the VSD of
trabecular structures was performed using the techniques developed by
Stauber&Muller [23]. From 3-D images, local morphometry – as applied
to individual rods and plates –was identified directly. The morphometric
measures of individual trabecular elements included the number of rods
(Nr.Rods) and the number of plates (Nr.Plates) within the total volume of
interest. The rod volume density (Ro.BV/TV) was defined as the total rod
volume divided by the total volume of interest in percent, while the plate
volume density (Pl.BV/TV) was defined as total plate volume divided by
the total volume of interest in percent. The relative bone volume fraction
of rods (Ro.BV/BV) and plates (Pl.BV/BV ¼ 100%�Ro.BV/BV) were
determined as percentages [23]. The mean volume (<Ro.V>, <Pl.V>),
mean surface (<Ro.S>, <Pl.S>), and mean thickness (<Ro.Th>,
<Pl.Th>) averaged for each structure over all rods and plates separately
were also calculated. The mean orientation (<Ro.θ>; the angle between
the orientation of the element and the image axis) and mean longitudinal
length (<Ro.Le>, <Pl.Le>) were also computed [23,24]. Structure
model index (SMI, -) was defined as a type of cancellous bone whether it
was dominated by rods or plates (Fig. 2) [28].

2.6. Compression mechanical test

Prior to testing, the samples were placed at room temperature for 2 h
and were kept moist during the experiment. Compression tests were
performed on an 858 Bionix MTS hydraulic material testing system (MTS
Systems Co., Minneapolis, Minnesota, USA) using a 1 kN load cell. After
10 preconditioning cycles between a preload of 3 N and a strain of 0.006,
the samples were tested in compression to failure on the CC direction (i.e.
the main loading directions of trabeculae). Mechanical properties such as
ultimate stress (strength, MPa), Young’s modulus (MPa), ultimate strain
(%), and failure energy (kJ/cm3) were calculated from stress–strain
curves converted from the recorded load–deformation curve (Fig. 1)
[31].

2.7. Statistical analysis

Entire data sets were used for statistical analyses (SPSS for Windows,
version 25, SPSS Inc. Chicago, Illinois, USA), and the mean value for each
femoral head derived from four samples was used to compare differences
among 4 groups, thus each individual was represented by one set of
values. All data were first checked for equal variance and normality. One-
way analysis of variance (ANOVA) was used to compare properties



Figure 2. 3-D reconstructions of micro-CT images for the four groups are displayed. Significant differences in the microarchitecture and dominating plate-like, rod-
like, or combined trabecular structure can be observed. Noticeably, erosion, irregular structure, and compensated thickening around erosion are apparent in RA
samples, while OA samples had thicker and denser trabeculae, and OP trabeculae had poor connection and increased separation compared to the CNT samples.
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among the four groups. If the F-test showed a significant level, post-hoc
multiple comparisons were made to determine differences between
groups. Linear and multiple regression analyses based on the mean value
for each femur were used to assess the associations between one of the
mechanical properties as a dependent variable and all measured micro-
architectural/morphometric properties as explanatory variables. A p-
value <0.05 was considered significant.

3. Results

On average, RA patients were 4.4, 19.7, and 14.5 years younger than
OA patients, OP patients, and the CNT donors (p¼ 0.37, p< 0.001, and p
¼ 0.08, respectively). The OA patients were 15.3 and 10.1 years younger
than OP patients and CNT donors (p< 0.001 and p¼ 0.23, respectively).
Moreover, OP patients were 5.2 years older than the CNT donors (p ¼
0.79).

3.1. 3-D microarchitectural properties

The microarchitectural properties of femoral head cancellous bone
revealed significant differences among the four groups, with the excep-
tion of the RA and OA groups. Bone volume fraction was significantly
greater in the RA and OA groups compared to the OP and the CNT groups
(p < 0.001). Moreover, trabecular thickness was significantly greater in
the RA than in the OP group andwas also greater in the OA than in the OP
and CNT groups (p < 0.001). The degree of anisotropy was significantly
lower in the RA and OA groups than in the CNT group (p ¼ 0.001).
Furthermore, connectivity density was significantly greater in the RA
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than in the OP and CNT groups (p < 0.001). Surface density was
significantly greater in the RA and OA groups than in the OP group (p <

0.001). Surface volume ratio was significantly lower in the RA and OA
groups than in the OP and CNT groups (p< 0.001). Trabecular separation
was significantly lower in the RA and OA groups than in the OP group (p
¼ 0.001). Trabecular number was significantly greater in the RA and OA
groups than in the OP and CNT groups (p < 0.001, Figures 2 and 3).

3.2. Rod- and plate-like trabecular morphometric properties

The rod- and plate-like trabeculae of femoral head cancellous bone
exhibited differences among the four groups (Figs. 4 and 5). The number
of rods in the RA was significantly greater than in the other three groups
(p ¼ 0.005). The number of plates, plate volume density, and relative
bone volume fraction of plates in the RA and OA groups were signifi-
cantly greater than those in the OP and CNT groups (p < 0.001, p <

0.001, and p ¼ 0.002, respectively) (Fig. 5). The relative bone volume
fraction of rods in the RA and OA groups were significantly lower than in
the OP group (p ¼ 0.002). Rod surface in the RA group was significantly
lower than in the OP group (p ¼ 0.019). The mean orientation of rods in
the RA group was significantly greater than in the OP group (p ¼ 0.007)
(Fig. 4). Moreover, the mean longitudinal length of rods, mean volume of
plates, mean surface of plates, and mean longitudinal length of plates in
the RA and OA groups were significantly lower than in the OP and CNT
groups (all p < 0.001). The mean orientation of plates in the RA and OA
groups were significantly greater than that of the OP group. Structure
model index was significantly lower in the RA and OA groups than in the
OP group (p < 0.001) (p ¼ 0.002, Figures 4 and 5).



Figure 3. Comparison of 3-D microarchitectural properties among RA, OA, OP and CNT groups. The data are analyzed by ANOVA and displayed by dots with mean
values. Significant differences between groups are indicated.
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Figure 4. Comparison of 3-D rod-like trabecular morphometric properties among RA, OA, OP and CNT groups. The data are analyzed by ANOVA and displayed by
dots with mean values. Significant differences between groups are indicated.

M. Ding, S. Overgaard Journal of Orthopaedic Translation 28 (2021) 159–168

164



Figure 5. Comparison of 3-D plate-like trabecular morphometric properties among RA, OA, OP and CNT groups. The data are analyzed by ANOVA and displayed by
dots with mean values. Significant differences between groups are indicated.
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3.3. Mechanical properties and their best determinants

Mechanical properties differed significantly among the four groups.
Young’s moduli in the RA and OA groups were significantly greater than
the OP group by 84% and 127%, respectively. Ultimate stress was 126%
and 147% greater in the RA and OA groups, with even the CNT being
77% greater than the OP group, respectively. Failure energy was 298%
and 291% greater in the RA and the OA groups than in the OP group,
respectively. Ultimate strain in the OA and CNT groups were significantly
greater than in the OP group (all p < 0.001, Fig. 6).

For the entire data set, the best determinant for mechanical properties
was bone volume fraction or structuremodel index. Bone volume fraction
explained 47% of Young’s modulus variation and 75% of ultimate stress
variation, while the mean orientation of plates and structure model index
increased the explanations of ultimate stress to 77.7% and 79.4%,
respectively. Structure model index explained 52% of failure energy
variation, while rod volume density and mean volume of rods increased
this explanation to 61.7% and 64.7%, respectively. The specific de-
terminants for mechanical properties varied between groups.

4. Discussion

The current study investigates the rod- and plate-like trabecular
morphometric properties of RA, OA and OP cancellous bone compared to
CNT with quantification of the microarchitectural properties of cancel-
lous bone. This study has demonstrated significant differences in the 3-D
microarchitectural properties and rod- and plate-like trabecular
morphometric properties among patients with RA, OA, and OP, which
Figure 6. Comparison of mechanical properties among RA, OA, OP and CNT groups.
groups are indicated.
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reflect different degrees of microarchitectural deteriorations in bone
quality. Mechanical properties in the RA and OA groups were signifi-
cantly greater than those of in the OP group. Bone volume fraction was
the single strongest predictor of mechanical properties, while morpho-
metric parameters improved the explanations.

Bone volume fractions in RA and OA group femoral heads were
significantly greater than those of the OP and CNT groups. Apparently,
RA and OA progression attempted to maintain bone tissues, although
they were degenerative bone with microdamage and denatured collagen
[9,17,32]. This process was opposite to human aging-induced bone loss
and osteoporosis. Consequently, the RA and the OA cancellous bone
became more plate-like, with thicker trabeculae and increased surface
density than the OP cancellous bone. A decreased degree of anisotropy
indicated trabeculae were more isotropic in the RA and OA than in the
CNT group. The increased bone density also resulted in decreased bone
surface/volume ratio and narrowed trabecular separation in the RA and
OA groups compared to the OP and the CNT groups. The RA and the OA
groups exhibited greater trabecular numbers compared to the OP and the
CNT group, while the RA group exhibited a greater connectivity density
than the CNT group. This change can be explained by the maintenance of
connectivity density and trabecular number in RA and OA, and loss of
trabeculae due to aging and OP disease progression.

Interestingly, significant differences in 3-D microarchitectures were
observed among the four groups, though not between the RA and OA
groups in any parameters measured. No observed differences in the
microarchitectural parameters between the RA and OA groups suggested
a similar trend of global bone microarchitectural degeneration in these
two diseases, though local marked variations cannot be neglected. These
The data are displayed by dots with mean values. Significant differences between
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results are consistent with our previous finding in the RA and OA femoral
neck [16]. This is also in line with a previous report highlighting that the
periarticular bone had similar microarchitecture and bone remodeling
characteristics in RA and OA [33]. Several HR-pQCT studies have re-
ported changes in microarchitecture with the decreased bone volume
fraction of periarticular and non-periarticular bone in RA patients [14,15,
34] with compromised mechanical strength. These studies are typically
on the distal radius [14,15], metacarpal head [7,8], metacarpal shaft
[35] and metacarpophalangeal joints [34,36,37].

Our results partial support previous published studies that have
compared femoral head (and neck) trabecular bone microarchitecture
and mechanical properties between OA and OP [19,20,38,39]. Blain
et al. found that the loss of the trabecular bone mass and connectivity in
femoral neck plays a role in the skeletal fragility associated with hip
fracture in addition to the cortical thinning, and the spatial distribution
of the trabeculae differs between OP and OA [19]. Montoya et al. re-
ported that the mechanical properties were worse in OP patients
compared to OA, bone turnover markers, bone mineral density, and bone
microstructural changes in osteoporosis are opposite to those of OA [20].
Other studies reported the changes in microarchitectural properties in
OA relative to the controls [21,22]. More recently, Ryan et al. report an
approach to study the heterogeneous properties of OA femoral head [22].
However, investigations on changes to the microarchitecture of the
femoral head in RA are limited and provide inconsistent results.

Morphometric analysis of rod- and plate-like trabeculae has provided
important insight into the structural element differences of cancellous
bone [23,24,40,41]. In the present study, the number of rods and plates
was markedly greater in the RA group than in the OP and CNT groups,
while the number of plates was significantly greater in the OA group than
in the OP and the CNT groups as a result of maintaining bone tissues in
the OA and bone loss in the OP and the CNT. Plate volume density in the
RA and OA groups were 56%–98% greater than in the OP and the CNT,
respectively, suggesting a typical plate-like structure in the RA and OA
groups. The relative bone volume fraction of rods in the RA and OA
groups was approximately 40% lower than in the OP group, but the
relative bone volume fraction of plates in the RA and OA groups were
9.2–14% greater than in the OP and CNT groups, thereby suggesting the
RA and OA groups were dominated by plate-like trabeculae by 85%while
the OP and the CNT groups exhibited rich rod-like trabeculae despite also
being dominated by plate-like trabeculae by 75% (Figs. 4 and 5).

Morphometric changes in the RA and OA groups are accompanied by
shorter mean longitudinal length of rods than the OP and CNT groups,
with RA being accompanied by a relatively lower mean surface of rods
and a greater mean orientation of rods in the RA than in the OP group.
Moreover, morphometric changes in the RA and OA groups also
accompany a lower mean volume and surface of plates, as well as a
shorter mean longitudinal length of plates than in the OP and CNT
groups. Similar to microarchitecture, no differences in rod- and plate-like
trabecular parameters were observed between the RA and the OA, apart
from the number of rods, which suggests a similar pattern of bone
remodeling during the disease process that changed the morphometry of
trabecular elements.

Significant differences in mechanical properties were observed be-
tween groups (Fig. 6). OP cancellous bone was the weakest among all
four cancellous bones. The greater mechanical properties in the RA and
OA groups were consistent with their greater bone volume fraction.
Notably, similar mechanical properties were observed between the RA
and OA groups, reflecting similar bone volume fractions among these two
diseased bone tissues. Furthermore, markedly greater observed strength
in the RA and OA groups than the OP group clearly indicates fracture
incidence frequently occurring in the OP group [6].

Our study has several limitations. First, the mean ages of the RA and
OA patients were lower than those of the OP patients (both p< 0.001). As
such, aging-related influence on microarchitecture could not be elimi-
nated. Second, sample size was relatively small. Third, differing sex ratios
might explain some of the variations within and between groups.
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Therefore, the results should be interpreted with caution. The strengths
of this study include: 1) simultaneously investigated rod- and plate-like
trabecular element level morphometric properties and 3-D micro-
architectural level properties of RA, OA, and OP cancellous bones; 2)
revealing the differences in changes to properties leading to different
bone microarchitectural degeneration patterns.

In conclusion, our study has demonstrated significant differences in 3-
D microarchitecture as well as rod- and plate-like trabecular morpho-
metric properties among RA, OA, and OP femur head cancellous bone.
RA and OA cancellous bone displayed similar patterns of bone micro-
architectural degeneration and pronounced different microarchitectures
from the OP, despite apparent bone erosion in RA, marked osteophyte
formation in OA, and severe bone loss in OP cancellous bone. The OP
group exhibited the weakest cancellous bone strength, while the RA and
OA groups exhibited a compensatory effect that maintains bone tissues,
and hence mechanical properties – although with poor bone quality [42].
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