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Full Length Article 

Bone fragility via degradation of bone quality featured by collagen/apatite 
micro-arrangement in human rheumatic arthritis 
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A B S T R A C T   

Although increased bone fragility is a well-recognized consequence in patients with rheumatoid arthritis (RA), 
the essential cause of degenerate bone strength remains unknown. This study aimed to determine factors 
contributing to bone dysfunction in RA by focusing on the bone matrix micro-arrangement, based on the pref
erential orientation of collagen and the related apatite c-axis as a bone quality index. The classical understanding 
of RA is limited to its severe pathological conditions associated with inflammation-induced bone loss. This study 
examined periarticular proximal tibiae from RA patients as compared with osteoarthritis (OA) patients as con
trols. Bone tissue material strength was disrupted in the RA group compared with the control. Collagen/apatite 
micro-arrangement and vBMD were significantly lower in the RA group, and the rate of decrease in apatite c-axis 
orientation (− 45%) was larger than that in vBMD (− 22%). Multiple regression analysis showed that the degree 
of apatite c-axis orientation (β = 0.52, p = 1.9 × 10− 2) significantly contributed to RA-induced bone material 
impairment as well as vBMD (β = 0.46, p = 3.8 × 10− 2). To the best of our knowledge, this is the first report to 
demonstrate that RA reduces bone material strength by deteriorating the micro-arrangement of collagen/apatite 
bone matrix, leading to decreased fracture resistance. Our findings represent the significance of bone quality- 
based analysis for precise evaluation and subsequent therapy of the integrity and soundness of the bone in pa
tients with RA.   

1. Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease characterized 
by persistent synovitis and joint destruction [1], which affects approx
imately 0.5%–2.0% of the adult population and with 5–50 per 100,000 
incidents/year in developed countries [2]. The innate immune system is 
closely linked to bone metabolism, and volumetric alterations in bone 
tissue related to destructive immunity have drawn the most attention for 
evaluating the severity of RA. The diagnosis, treatment, and monitoring 
of RA mainly involved plain radiography [3,4] or dual-energy X-ray 
absorptiometry (DXA) [5]. In particular, high-resolution computed to
mography (CT), ultrasonography, and magnetic resonance imaging 
(MRI), which can reliably detect even small bone erosions [6], provided 

evidence for bone loss in both cortical and cancellous bone in RA [7]. 
Furthermore, recent studies using high-resolution peripheral quantita
tive CT (HR-pQCT) followed by micro-finite element analysis estimated 
the reduction in bone strength in RA patients [8,9]. 

With the development of biological drugs, including tumor necrosis 
factor (TNF) inhibitors, interleukin-6 (IL-6) receptor antibodies, and 
Janus kinase (JAK) inhibitors, treatment strategies for RA have been 
developed for decades [10]. However, establishment of the essential 
therapeutic resolution of RA to recover intact bone functions is still 
difficult. Bone functions are dominated by the organized micro- 
arrangement of bone matrix, and the degree of bone matrix orienta
tion is recognized as a strong contributor to bone mechanical function 
[11–14]. Bone matrix micro-arrangement refers to the nanometer-scale 
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microstructure featured by preferential orientation of the main com
ponents of bone matrix: collagen and apatite crystallites. These com
ponents have anisotropic features owing to their unique atomic-scale 
structures [15,16]. Accumulating studies have highlighted that sole 
analysis of bone mineral density (BMD) is inadequate for understanding 
bone functions involving osteoporosis, cancer metastasis, or chronic 
kidney disease [13,17–23]. Under pathological conditions, cellular ac
tivities involved in organizing oriented bone matrix microstructure are 
disrupted by related biological molecular scenarios. More specifically, 
our recent findings have revealed that IL-6, one of the most abundant 
cytokines found in patients with active RA, disrupts osteoblast 
arrangement, the direct determinant of bone matrix organization [24]. 
These findings strongly indicate that inflammatory-related bone 
dysfunction in RA is associated with impaired bone structural micro- 
arrangement mediated by bone cellular functions. 

This study demonstrated the impact of RA on matrix micro- 
arrangement, providing new insights into the determinant factor of 
bone fragility in the disease. Bone tissue strength, cortical size, and 
material properties, including volumetric BMD (vBMD) and bone matrix 
orientation, were analyzed in knee joints extracted from patients with 
RA and osteoarthritis (OA). Quantitative analysis of RA and OA contri
butions to bone strength was performed in subchondral bone at the 
periarticular proximal tibia. OA and RA are representative of the path
ogenesis of arthritis and cause pain and joint damage. However, the 
underlying causes for these diseases are completely different; OA results 
from frequent cartilage breakdown due to daily wear and concentration 
of mechanical stress on the subchondral bone, whereas RA is an auto
immune disease. By selecting a bone portion (intercondylar eminence) 
wherein the effects of mechanical stress are negligibly small, we can 
study the effects of RA on bone matrix microstructure and mechanical 
function. 

2. Materials and methods 

2.1. Study design 

Periarticular proximal tibiae were obtained from seven Japanese 
patients with RA and four Japanese patients with OA who underwent 
knee osteotomy at the Department of Orthopedic Surgery, National 
Hospital Organization Kyushu Medical Center. RA patients met the 1987 
American College of Rheumatology (ACR) and/or 2010 ACR/European 
League Against Rheumatism classification criteria, and OA patients were 
able to exclude RA and had findings such as joint space narrowing and 
osteosclerosis on radiography. Larsen grading [25] for each joint was 
performed using radiography. Patient characteristics are shown in 
Table 1. The age of donors was significantly lower in RA (60 ± 12 years) 
than in OA (74 ± 3 years). Fig. 1A shows the representative bones from 
patients with RA and OA. There were findings of valgus knee deformity 
[26] in most of the bones in RA, and articular cartilage was lost at the 
lateral plateau. This study mainly focused on two parts of the bone 

according to the conditions of in vivo stress: the lateral plateau where 
joint contact pressures are locally applied [27], and the intercondylar 
eminence where less stresses are applied [28]. The lateral plateau and 
intercondylar eminence in patients with OA were described as the 
control group since loss of articular cartilage was noted in the medial 
plateau as often as it appeared in patients with OA. Despite the impor
tance of intercondylar eminence in bone-governing knee functions [29], 
the medial condyles are also considered important regions for load 
bearing. Although the present study focused on the loading-independent 
alteration of bone micro-arrangement, the additional analysis of the 
medial condyles in RA is imperative and would be a near-future chal
lenge. Bone specimens were immersed in neutral buffered formalin 
fixative immediately after extraction, replaced with 70% ethanol, and 
preserved until the experiments. The specimens were cut into approxi
mately 1 mm-thick disks along the sagittal plane, as illustrated by the 
black lines in Fig. 1A. The bone properties were analyzed in the positions 
represented by the yellow and white stars (Fig. 1A). We defined the bone 
plane direction along the bone surface in the sagittal section as “parallel” 
and their normal directions as “vertical.” This study was approved by the 
Osaka University Committee for Ethical Guidelines on Research on 
Medical Systems Targeting People (approval number: R23), the Ethical 
Review Committee of Chugai Pharmaceutical Co. Ltd. (approval num
ber: C119), and the Institutional Review Board of the National Hospital 
Organization Kyushu Medical Center (approval number: 17C174). All 
the study procedures were compliant with the Helsinki Declaration. 

2.2. Biomechanical test 

The articular cartilage attached to the subchondral bone was 
removed, and the bone specimen was naturally dried prior to the 
extrusion test. Extrusion tests [30] were performed on the subchondral 
bone surface, which showed a flattened smooth surface, adequate for 
homogeneous extrusion analysis on the axis vertical to the bone surface 
at a load rate of 1 mm/min. This was done using an Instron-type testing 
machine equipped with a prepared stainless extrusion rod (1.57 mm in 
diameter) and stainless steel. Tests were performed at room temperature 
and humidity. From the obtained load-displacement curve, the param
eters of maximum load, stiffness, energy to failure, and maximum stress 
were used as indices of bone tissue strength. The maximum bone stress 
along the bone surface, which is the size-independent bone material 
strength, was calculated as the ratio of maximum load capacity to the 
contact area between the subchondral cortex and perimeter of the 
extrusion rod (1.57π × cortical thickness [mm2]). The cortical thickness 
of the subchondral bone was determined as follows: micro-CT (μ-CT) at 
50 kV and 85 μA to produce bone images with a spatial resolution of 30 
μm and binarization of the images, as described previously [31]. The 
thickness was quantitatively measured using the TRI/3D-BON software 
(Ratoc System Engineering, Japan). 

Table 1 
Characteristics of patients.  

No. Group Sex Age 
[years] 

Side Duration of RA disease [years] Medication history of anti-rheumatic drugs Medication history of  
anti-osteoporotic drugs 

Larsen grade 

1 OA F 72 R  0 No No – 
2 F 72 L  0 No No – 
3 F 79 L  0 No No – 
4 M 73 R  0 No Yes – 
5 RA F 51 R  10 Yes No III 
6 F 57 L  7 Yes No III 
7 F 61 R  26 Yes No II 
8 F 61 L  26 Yes No II 
9 F 62 R  30 Yes No IV 
10 M 46 R  33 Yes No III 
11 M 85 R  6 No Yes IV 

OA = osteoarthritis, RA = rheumatoid arthritis, F = female, M =male, R = right foot, L = left foot. 
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2.3. vBMD measurement by peripheral quantitative CT (pQCT) 

The vBMD of the subchondral cortex was measured using a pQCT 
apparatus (XCT Research SA+; Stratec Medizintechnik GmbH, Birken
feld, Germany). Bone specimens were scanned at a resolution of 70 × 70 
× 260 μm3. Cortical bone is generally defined above a threshold value of 
690 mg/cm3 [30]; therefore, the region of the subchondral cortex was 
determined by a vBMD value of ≥690 mg/cm3 and bone shape. 

2.4. Measurement of the preferential orientation of apatite c-axis by 
microbeam X-ray diffractometer (μ-XRD) system 

The spatial distribution of the crystallographic c-axis orientation of 
apatite crystallites was analyzed using a μ-XRD system (R-Axis BQ; 
Rigaku, Tokyo, Japan) with a transmission-type optical system and 
imaging plate (storage phosphors; Fuji Film, Tokyo, Japan) placed 
behind the specimen. This study referred to the conditions for μ-XRD 
described in previous literature [11] and added minor modifications. 
The incident X-ray beam was collimated into a 300 μm (for subchondral 
cortical bone) or 800 μm (for cancellous bone) circular spot and pro
jected vertically onto the sagittal plane of the bone specimen to analyze 
the in-plane orientation of the apatite c-axis. The minimum thickness of 
the subchondral cortex analyzed in this study was approximately 300 
μm; therefore, X-ray diffraction data from the region 300 μm directly 
below the proximal surface of the subchondral bone was obtained when 
analyzing the cortical bone. The diffracted beam was collected for 600 s 
(for subchondral cortical bone) or 300 s (for cancellous bone) to obtain 
adequate diffraction intensity with a high signal/noise ratio. 

The (002) crystal plane is generally used as a representative for 
analyzing the apatite c-axis, and the (310) plane is orthogonal to the 
(002) plane. From the acquired diffraction data, two diffraction peaks of 
apatite (002) and (310) were integrated for each azimuthal angle (β) at 
1◦ increments. The intensity distributions of either (002) or (310) as a 
function of β for the diffraction intensities were individually fitted ac
cording to the literature [32,33]. The degree of crystallographic orien
tation of apatite c-axis was calculated for each β as the ratio of (002) 
intensity to (310) intensity (I002(β)/I310(β)) (Fig. 3A). This resulted in a 
two-dimensional apatite c-axis orientation as a function of β along the 
plane vertical to the incident X-ray beam, which is shown as a radar 
diagram. In this apparatus, randomly oriented hydroxyapatite powder 
had a value of 0.6. The data, including the value of I002(β)/I310(β) in the 
axis parallel or vertical to the bone surface, maximum value of I002(β)/ 
I310(β), and the deviation angle from the axis parallel to the bone surface 
were quantified. Measurements were performed at three points for 
cortical bone and nine points for cancellous bone at a certain interval in 
each bone specimen, as shown in Fig. 3B. The data were averaged, and 
the σAngle, which is the standard deviation of the preferential orientation 
angle in each bone specimen, was analyzed to evaluate the directional 
uniformity of the apatite c-axis orientation. 

2.5. Measurement of collagen orientation by birefringence method 

To evaluate the spatial distribution of preferential collagen orienta
tion, bone sections were observed using a two-dimensional birefrin
gence measurement system (WPA-micro, Photonic Lattice, Miyagi, 
Japan) attached to an upright microscope (BX60; Olympus, Tokyo, 

Japan). Birefringence analysis was performed using WPA-VIEW soft
ware (version 2.4.2.9; Photonic Lattice), as previously described [13]. 
For quantitative comparison of collagen orientation, the orientation 
order parameter fθ was calculated based on the orientation angle dis
tribution of collagen against the bone surface plane [34]. The birefrin
gence images were obtained at 12 points in an area of 530 μm × 400 μm 
for each sample. The measured areas correspond to the portion of apatite 
orientation analysis. fθ takes a value ranging from − 1 (collagen perfectly 
aligned perpendicular to the bone surface of subchondral cortical bone) 
to 1 (collagen perfectly aligned parallel to the bone surface of sub
chondral cortical bone). Non-decalcified bone of 5-6 μm thickness and 
with Villanueva bone stain were analyzed in this study. Fluorescence 
observations of the bone sections were performed to evaluate the oste
ocyte conditions. Images were obtained using a fluorescence microscope 
(BZ-510; Keyence, Osaka, Japan). 

2.6. Statistical analysis 

The data were acquired from seven bones with RA and four bones 
with OA, and the data are shown as mean ± standard deviation. Sta
tistical significance between the two groups was tested using the 
nonparametric Mann-Whitney U test. One-way analysis of variance was 
conducted for comparing the three groups, followed by Tukey's multiple 
comparison tests. Single and multiple regression analyses were per
formed to determine the explanatory variables of bone tissue strength. 
To detect multicollinearity prior to multiple regression analyses, toler
ance and variance inflation factors (VIFs) were calculated. Statistical 
significance was set at a p-value of <0.05. SPSS version 14.0 J (SPSS 
Japan Inc., Japan) for Microsoft Windows was used for the statistical 
analyses. 

3. Results 

3.1. Bone mechanical properties of subchondral bone 

An extrusion test was performed to determine the strength of the 
subchondral bone (Fig. 1). In the lateral plateau, the RA group showed 
greater maximum load capacity (+156%) than the control group 
(Fig. 1B, C) due to thickening of the subchondral bone (Fig. 1F). 

However, bone material strength in this bone region was statistically 
comparable between the experimental groups (Fig. 1G). These charac
teristics of the lateral plateau in the RA group resembled those of the 
bare bone without the articular cartilage at the medial plateau of the OA 
bone (Fig. 1B-F). In the intercondylar eminence, the behaviors of the 
load-displacement curves were quite different between the RA and 
control groups (Fig. 1H). The RA group showed significantly reduced 
maximum load capacity compared with the control group (Fig. 1I), 
indicating that fracture tolerance was lower (− 73%) in the RA group. 
Cortical thickness resulting from bone erosion was significantly lower 
(− 19%) in the RA group than in the control group (Fig. 1L). Further
more, size-independent bone material strength was significantly lower 
(− 60%) in the RA group (Fig. 1M). These results suggest that deterio
rated bone material strength strongly influences the degradation of bone 
tissue strength. Therefore, subsequent analyses focused on the material 
properties in the intercondylar eminence of the proximal tibia. 

Fig. 1. Biomechanical properties of subchondral cortical bone of periarticular proximal tibiae. (A) Representative specimens of right periarticular proximal tibiae in 
patients with osteoarthritis (OA) and rheumatoid arthritis (RA). The upper images show bone appearance from the top view and the lower ones represent their 
schematic illustration. Bone areas surrounded by blue lines indicate bared bone without articular cartilage. OA bones lost articular cartilage at the medial plateau, 
whereas most of RA bones lost it at the lateral plateau. White (lateral and/or medial plateaus) and yellow (intercondylar eminence) stars indicate the analysis points 
in this study. A: anterior; P: posterior; M: medial; L: lateral. Load-displacement curve, maximum load, stiffness, and energy to failure are represented as bone tissue 
strength, cortical thickness, maximum stress as bone material strength of (B-G) lateral and/or medial plateaus, and (H-M) intercondylar eminence of proximal tibia, 
respectively. The medial part in OA, lateral part in OA, and lateral part in RA are represented as OA-medial, Control, and RA, respectively in (B-E). Intercondylar 
eminence in OA and RA are represented as Control and RA, respectively, in (H-M). **: p < 0.01 between Control and RA; *: p < 0.05 between Control and RA. OA: 
osteoarthritis; RA: rheumatoid arthritis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.2. vBMD of subchondral bone 

Bone material strength is determined by material properties, namely, 
the density and quality of the bone matrix. To determine bone matrix 
density, vBMD was analyzed in the subchondral cortical bone (Fig. 2). 
The RA bone showed a significantly lower vBMD value (− 22%) 
compared with the control bone. Together with the results in Fig. 1H, it 
was confirmed that RA decreased bone mass in the subchondral bone. 

3.3. Apatite c-axis orientation of subchondral bone and cancellous bone 

The spatial distribution of apatite c-axis orientation was analyzed 
along the sagittal plane in the subchondral cortex and cancellous bones 
(Fig. 3). In the control group, apatite c-axis uniformly aligned parallel to 
the bone surface in the subchondral cortex (σAngle = 3.7 ± 2.3), as 
observed in the radar diagram (Fig. 3B). The degree of preferential 
apatite c-axis orientation along the parallel axis was approximately 2.7 
times higher than that along its vertical axis, showing a strong aniso
tropic alignment in the control group (Fig. 3C). In contrast, the sub
chondral cortex in the RA group showed heterogeneous alignment of 
apatite c-axis (σAngle = 21.8 ± 8.9) and significantly reduced the 
maximum value of the apatite c-axis orientation degree compared with 
the control group (Fig. 3C). Therefore, the RA group decreased the 
apatite c-axis orientation along the parallel axis (− 45%), indicating a 
failure of anisotropic alignment of apatite crystallites (Fig. 3B, C). 
Furthermore, the RA group disturbed the alignment in cancellous bone 
(σAngle = 26.4 ± 4.0) compared with control bone (σAngle = 20.7 ± 5.3), 
and significantly decreased preferential orientation of apatite c-axis 
along the bone surface axis, as shown in Fig. 3B and D. 

3.4. Collagen molecule orientation of subchondral bone and cancellous 
bone 

The spatial distribution of collagen orientation was analyzed in the 
corresponding region where other analyses were conducted (Fig. 4). In 
the control group, collagen preferentially aligned parallel to the bone 
surface in the sagittal plane, whereas the RA group showed more ho
mogenous collagen directionality in both the subchondral bone and 
cancellous bone, as indicated on the orientation color map (Fig. 4A). 
Because collagen is a positive birefringent material, the direction of the 
slow axis corresponds to the direction along the length of collagen fibrils 

[35]. The average orientation of the slow axis (φ) for each pixel was 
analyzed. The two-dimensional distribution of φ is indicated by colors. 
The degree of collagen orientation parallel to the bone surface was 
significantly lower in the RA group than in the control group (Fig. 4B). 
The change in collagen orientation significantly correlates with the de
gree of preferential apatite c-axis orientation parallel to the bone surface 
in both the subchondral cortex (R2 = 0.72, p = 8.7 × 10− 4) and 
cancellous bone (R2 = 0.58, p = 6.2 × 10− 3). These results demonstrate 
that RA disturbs the alignment of collagen/apatite crystallites. 
Furthermore, osteocyte lacunae aligned approximately parallel along 
the bone surface axis, and the canaliculi tightly connected with each 
other in the control group, whereas neither of these findings were 
observed in the RA group (Fig. 4C). 

3.5. Contributions of vBMD and bone matrix orientation to material 
strength of subchondral bone 

To determine the main determinant of reduced bone material 
strength in RA, single and multiple regression analyses were performed. 
Note that, between the preferential orientation of collagen and apatite c- 
axis, only the latter was used for regression analyses. This is because the 
long axis of collagen fibrils and the apatite c-axis intrinsically have an 
approximately parallel relationship based on the epitaxial growth of 
apatite crystals on the collagen template in the in vivo self-assembly 
process [36]. To prevent the effects of multicollinearity in multiple 
regression analysis, it is essential to use parameters that are independent 
of each other. In this study, multicollinearity was not found between 
vBMD and the degree of apatite c-axis orientation (tolerance = 0.61 >
0.1, VIF = 1.64 < 10); thus, these parameters were used as independent 
explanatory variables for multiple regression analysis of maximum 
stress capacity. From the analysis, the maximum stress capacity of bone 
was significantly and positively correlated with both vBMD (R2 = 0.65, 
p = 2.8 × 10− 3) and the degree of apatite c-axis orientation along the 
subchondral bone (R2 = 0.70, p = 1.4 × 10− 3) (Fig. 5). Multiple 
regression analysis showed that changes in these variables significantly 
contributed to the decrease in maximum stress capacity of bone in RA. 
The degree of apatite c-axis orientation significantly contributed to 
mechanical function as well as vBMD, as represented by the value of β 
(Table 2). 

1051.6 198.9 * [mg/cm3]

Control RA

1 mm

400

600

800

1200

[mg/cm3]

1348.5 82.5 [mg/cm3]
vBMD
value

1000

Fig. 2. Volumetric bone mineral density (vBMD) measured in subchondral bone of periarticular proximal tibia. The averaged vBMD value is indicated below each 
color map. Color indicates the value of vBMD in each pixel. *: p < 0.05. RA: rheumatoid arthritis. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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4. Discussion 

A long history of RA research has exclusively focused on the elevated 
bone resorption pathology in the patients suffering from the disease; 
alteration of bone quality, especially the microstructural abnormality in 
RA has been overlooked for decades. The important finding of this study 
is that the deterioration of bone matrix orientation in RA is a key 
contributor to loss of bone material strength, resulting in severe bone 
fragility in the knee joint. Notably, a significant difference was found in 
age between RA donors and control (OA) donors. The changes observed 
in the RA bone cannot be attributed to aging because the deterioration of 
micro-arrangement of bone material and loss of strength in younger RA 
bones are contradictory to the general changes associated with aging. 

RA generates heterogeneous physical and biological environments 
depending on the anatomical portion. The intercondylar area is exposed 
to biologically induced inflammation conditions without any specific in 
vivo stress [27]. In contrast, the medial and lateral tibial plateaus are 
subjected to further stresses and joint contact pressures ranging from 10 
to 20 MPa [26]. Therefore, bone mechanical properties in relation to the 
anisotropic microstructure in RA bone vary depending on the focused 
position. The bone material strength in the intercondylar eminence in 
RA prominently exhibited a lower material strength value via bone 
matrix degradation, whereas the lateral plateau showed increased bone 
strength beyond the normal value. In the weight-bearing lateral plateau 
of the proximal tibia in RA, articular cartilage covering the bone surface 
and providing a cushioning effect for load-bearing bone [37] was lost 

Fig. 3. Preferential orientation of apatite c-axis measured in subchondral bone and cancellous bone of the periarticular proximal tibia. (A) A schematic illustration of 
measurement of apatite c-axis orientation by microbeam X-ray diffraction and the following analysis for intensity ratio of (002)/(310) along β rotation. θ corresponds 
to the major axis angle with a maximum intensity of (002)/(310). (B) Radar diagrams analyzed subchondral bone and cancellous bone, showing the degree of apatite 
c-axis orientation (I002(β)/I310(β)) along β rotation. The analysis points in radiographic images are represented by red dots. The size of the dots coincides with the 
diameter of the X-ray collimator in this scale. RA: rheumatoid arthritis; SCB: subchondral bone; CB: cancellous bone. Quantitative data of spatial distribution of 
apatite c-axis orientation include (i) degree of apatite c-axis orientation along the axis vertical to bone surface, (ii) degree of apatite c-axis orientation along the axis 
parallel to bone surface, (iii) ratio of degree of apatite c-axis orientation along parallel axis to that along vertical axis, (iv) maximum value of degree of apatite c-axis 
orientation, and (v) deviation angle of preferential orientation from parallel axis in (C) the subchondral bone and (D) cancellous bone. Left and right ordinates 
express the value of (i)-(iv) and (v), respectively. **: p < 0.01; *: p < 0.05. a.u.: arbitrary unit. 
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figure legend, the reader is referred to the web version of this article.) 
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due to continued synovial inflammation coupled with abnormal 
biomechanics in the knee joint [1]. A load greater than normal imposed 
a morphological macroscopic structural change (subchondral sclerosis) 
on bone, which possibly counteracted the effects of RA-induced 
inflammation on bone characteristics. Therefore, the bone region 
developed OA-like changes in appearance [38,39] and mechanical 
functions of bone tissue. Previous studies have also provided evidence 
for the development of bone protrusions [40] and subchondral sclerosis 
[41], resembling that noted in OA in patients with RA. In addition, the 
present study clearly indicates the development of secondary OA in the 
RA-bearing bone, representing a significantly high degree of bone ma
trix alignment along the normal direction of the subchondral surface, 
consistent with the findings of a previous report [42]. 

Apart from the OA-like alteration in the tibial plateau of RA bone in 
relation to the inflammatory-derived mechanical environment, the 
intercondylar region experiences the biological effects of a dysregulated 
immune system. The results suggest that RA-induced inflammation de
teriorates the collagen/apatite alignment in the subchondral region, 
generating weakened bone independent of mechanical effects. The 
micro-arrangement of collagen/apatite in the bone matrix is determined 
by various environmental factors, including in vivo stress distribution 
[11,32,43] and biological factors such as bone disorders 
[13,19–23,44,45]. In this study, a disordered arrangement of the oste
ocyte lacunae-canaliculi network and a less-aligned bone matrix orien
tation were observed in the subchondral region of the RA-bearing bone. 
This indicated possible involvement of osteocyte dysfunction in 
inflammation-induced bone matrix disarrangement and that osteocyte 
activity related to their network architecture is associated with bone 
matrix alignment. The quantitative analysis of the direction and con
nectivity of osteocytes is imperative for the characterization of RA bone, 
which will be investigated in the future. A recent study demonstrated the 
mirroring of organized osteocyte alignment and bone matrix micro- 
arrangement [21] and stated the impaired osteocyte network can 
trigger a disorganized microstructure in diseased bone [23]. The 
abnormal osteocyte network arrangement in RA-bearing bone possibly 
contributes to the disarrangement of collagen/apatite. Considering the 

possibility of sustained cell alignment during osteoblast–osteocyte 
transformation, disorganized osteocytes may be derived from impaired 
osteoblast alignment [46]. 

It is becoming increasingly evident that pro-inflammatory cytokines, 
including TNF-α, IL-6, and IL-1β, influence Wnt signaling by regulating 
sclerostin expression in osteocytes, further contributing to increased 
bone resorption and decreased bone formation in RA [3]. Furthermore, 
inflammatory signals induce osteocyte apoptosis, which mediates bone 
loss in inflammatory diseases [47]. Among inflammatory-related sig
nals, IL-6 plays a central role in the pathogenesis of RA; tocilizumab, an 
anti-IL-6 receptor antibody that inhibits the downstream JAK/STAT 
pathway, has been approved for the treatment of RA [48]. The current 
finding of IL-6 as a regulatory factor for osteoblast arrangement [24] 
indicates that inflammatory-related cytokines disrupt the organized 
cytoskeletal arrangement of cells and further induce disorganized 
microstructure of the bone matrix. Moreover, the latest research 
revealed that patients diagnosed with cytokine release syndrome, 
including sudden acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) infection (COVID-19), show elevated levels of IL-6 [49], indicating 
that SARS-CoV-2 infection possibly induces the disordered arrangement 
of bone tissue via the IL-6 signaling pathway. 

In clinical settings, radiographic evaluation involving Larsen grading 
[25], Sharp grading [50], and the modified grading method [51,52] 
have been widely used to diagnose the severity of RA. Larsen grading is a 
prominent factor for detecting RA incidence. However, the corre
sponding grade in this study did not accurately reflect bone character
istics and functions, with the following correlation relationship: bone 
tissue strength (R2 = 1.6 × 10− 2, p = 0.79), bone material strength (R2 =

1.8 × 10− 2, p = 0.77), vBMD (R2 = 7.1 × 10− 3, p = 0.86), apatite c-axis 
orientation (R2 = 9.2 × 10− 2, p = 0.51), and collagen orientation (R2 =

1.4 × 10− 3, p = 0.93). The present findings indicate that bone 
dysfunction in RA cannot be estimated without assessing the micro
structure of diseased bone as a bone quality index. Alternative nonin
vasive or less invasive methods to detect bone micro-arrangement are 
imperative and are expected to be developed. One possible candidate for 
noninvasive analysis is the use of speed of ultrasound (SOS), which is 
already used in clinical settings for monitoring osteoporotic bone 
changes. SOS reportedly reflects the degree of apatite orientation [53]. 
However, the SOS information also includes the effects of porosity or 
compositional alteration, and it would be desirable to determine diag
nosis considering these effects on SOS measurement. In addition, as one 
of the other bone quality indices, collagen cross-linking is a definite 
contributor to bone strength [54,55]. Oxidative stress contributes to RA 
pathogenesis, and collagen oxidation may be related to the degraded 

Table 2 
Relative contributions of vBMD and apatite c-axis orientation to bone material 
strength determined by multiple regression analysis.  
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bone strength in patients with RA [56]. Indeed, collagen cross-linking 
has been increasingly recognized to be related to bone matrix micro- 
arrangement [57]. Clarifying this issue would be a challenge in future 
investigations. 

In conclusion, the degradation of bone matrix orientation and bone 
quality index are determining factors that increase the risk of fracture in 
RA-bearing bone as well as vBMD (Fig. 6). RA reduces bone material 
strength by the deterioration of bone matrix micro-arrangement, 
resulting in impaired bone function. Increasing evidence indicates that 
inflammatory-related cytokines are involved in the disorganization of 
bone matrix microarchitecture in RA. The findings obtained in this study 
provide novel therapeutic targets for impaired microstructural con
struction in RA-bearing bone and contributing to the management of 
fracture resistance. A potential therapeutic strategy for the recovery of 
bone matrix micro-arrangement is to introduce an anisotropic guiding 
structure as a bone ingrowth scaffold. Implantation-guided cell align
ment is an important initiator for the formation of a collagen/apatite 
micro-arrangement. Control of bone tissue anisotropy has been achieved 
using the grooved surface of hip implants [33] and open-spaced spine 
devices [31]. In addition, several biomarkers for bone anisotropy are 
increasingly recognized as important therapeutic targets for bone health 
[58]. 
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