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Abstract

Matrix strains due to external loading are different in bones of different pathologies with 

different bone mineral density (BMD), and are likely sensed by the osteocytes, the putative 

bone mechanosensors. The mechanosensitivity of osteocytes appears to be strongly in!uenced 

by their morphology. In this study, we explored the possibility that osteocyte morphology 

might play a role in various bone pathologies with different BMD. 

Confocal laser scanning microscopy and nano-CT were used to quantitatively determine 3D 

morphology and alignment of osteocytes and osteocyte lacunae in human proximal tibial bone 

with relatively low (osteopenic), medium (osteoarthritic), and high (osteopetrotic) BMD. 

Osteopenic osteocytes were relatively large and round (lengths 8.9:15.6:13.4 µm), osteopetrotic 

osteocytes small and discoid shaped (lengths 5.5:11.1:10.8 µm), and osteoarthritic osteocytes 

large and elongated (lengths 8.4:17.3:12.2 µm). Osteopenic osteocyte lacunae showed 3.5 

fold larger volume and 2.2 fold larger surface area than osteoarthritic lacunae, whereas 

osteopetrotic lacunae were 1.9 fold larger and showed 1.5 fold larger surface area than 

osteoarthritic lacunae. Osteopetrotic osteocyte lacunae had lower alignment than osteopenic 

and osteoarthritic lacunae as indicated by their lower degree of anisotropy.

The differences in 3D morphology of osteocytes and their lacunae in long bones of different 

pathologies with different BMD might re!ect an adaptation to matrix strain due to different 

external loading conditions. Moreover, since direct mechanosensing of matrix strain likely 

occurs by the cell bodies, the differences in osteocyte morphology and their lacunae might 

indicate differences in osteocyte mechanosensitivity. The exact relationship between osteocyte 

morphology and bone architecture, however, is complex and deserves further study. 
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Introduction

Osteocytes reside within the lacunae and the canaliculi of the lacuno-canalicular network 

surrounded by bone matrix [1]. The lacunae contain the osteocyte cell bodies from which long, 

actin-rich slender cell processes (50-60 per cell) radiate through the canaliculi to the surrounding 

osteocytes, to the cells lining the bone surface, and to the extraosseous space [2,3]. Osteocytes 

are likely stimulated by mechanical loading of long bones resulting in mechanical deformation 

or strain of the perilacunar bone matrix and a loading-induced !uid !ow through the lacuno-

canalicular network [4,5]. Loading-induced strain and !uid !ow have been shown to be 

independent mechanical stimuli for osteocytes [6]. 

Loading-induced !uid !ow through the canalicular network results in a !uid shear stress at 

the osteocyte cell membrane [4]. In response to this !uid shear stress, osteocytes produce soluble 

factors which regulate osteoblast and osteoclast activity which affects bone remodeling [7-11]. 

External mechanical forces are known to in!uence cytoskeletal structure and thus the cellular shape 

[12]. Furthermore, cells are known to actively rearrange the organization and contractile activity 

of the cytoskeleton and redistribute their intracellular forces in response to mechanical loading 

[13]. Osteocytes appear to align in the principle mechanical loading direction on bone [14]. 

Signi"cant differences in 3D morphology of single osteocytes in unidirectionally loaded "bulae 

and multidirectionally loaded calvariae bones of adult mice exist, which probably is an adaptation 

to the differences in physiological mechanical loading patterns in these bones [14]. Moreover, 

alignment of single osteocytes in "bular bone parallel to the principle loading direction on "bula, 

and the absence of such alignment in calvarial bone indicates a plausible phenomenon of direct 

mechanosensing of matrix strains for ef"cient load bearing by the osteocyte cell bodies [14]. In 

osteocyte cell bodies in situ, the external mechanical loading pattern determines the orientation 

of the actin cytoskeleton in osteocytes, and focal adhesions mediate direct mechanosensation of 

matrix strains [15,16].This suggests that osteocytes sense matrix strain directly through their 

cytoskeleton [14]. Osteocytes produce, in reaction to mechanical loading, soluble factors such as 

nitric oxide (NO) and prostaglandin E
2
 (PGE

2
), which regulate osteoclast and osteoblast activity 

and thus affect bone formation and resorption [7-11]. Furthermore, it has been shown that 

spherical osteocytes produce more NO to mechanical loading in vitro compared to stretched out 

cells [17]. These "ndings suggest that the morphology and alignment of osteocytes is related to 

their mechanosensitivity. Hence, the morphology of osteocytes is likely an important parameter 

in adaptation of bone to mechanical loading. 

Mechanical adaptation of bone ensures ef"cient load bearing [1]. An increase in mechanical 

loading results in increased bone mineral density (BMD), and a decrease in mechanical loading 

results in decreased BMD [18]. Low BMD is a characteristic of osteopenia, an early stage of 

osteoporosis which is a multifactorial disease [19]. In osteoporotic bone, there is a failure in 

the homeostatic adaptation to functional load bearing [20]. It has been hypothesized that the 
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mechanisms fail by which osteocytes, osteoclasts and osteoblasts appropriately control bone mass 

and architecture in response to load bearing [21]. In addition, the NO and PGE
2
 response of 

bone cells from osteoporotic and osteoarthritic donors to mechanical stress is different, which 

might be due to differences in mechanosensitivity of osteocytes in osteoporotic and osteoarthritic 

bone [22,23]. High BMD is a characteristic of osteopetrosis, a bone remodeling disorder due to 

defective bone resorption as a result of osteoclast failure [24]. There are several kinds of human 

osteopetrosis varying in severity, secondary clinical features, age of onset and inheritance [25]. 

Autosomal dominant osteopetrosis is classi!ed as a relatively benign disorder which varies 

in its clinical presentation and has a normal life expectancy [26]. Autosomal dominant type 

I osteopetrosis is characterized by a diffuse symmetric osteosclerosis and pronounced sclerosis 

of the skull with a thickened cranial vault and a normal fracture pattern [27,28]. Recent data 

indicate that high BMD in autosomal dominant type I osteopetrosis is due to a gain of function 

of osteoblasts instead of osteoclast failure [25]. A BMD in between low and high BMD (“medium 

BMD”) is expected in osteoarthritis, a multifactorial disease with loss of cartilage in the joint and 

changes in the underlying bone such as subchondral sclerosis, osteophyte formation and bone 

cysts [29]. It has been suggested that the changes in the underlying bone concern stiffening of 

the bone which precedes cartilage lesions [30]. The increase in bone density and stiffening of 

subchondral bone might be due to bone remodeling in response to repetitive micro-damage as 

a result of an imbalance in mechanical loading of the joint [31,32]. The negative effect of high 

bone density and stiffness of the subchondral bone on cartilage in osteoarthritis is supported by 

the fact that osteoarthritis is highly associated with osteopetrosis whereas osteoporosis seems to 

exclude osteoarthritis [30,33].

Low BMD is a characteristic of osteopenia, high BMD of osteopetrosis, and a BMD in between 

low and high BMD is expected in osteoarthritis. Differences in BMD suggest differences in 

deformation of the bone to similar external mechanical loading. This likely results in differences 

in matrix strain of the bone surrounding the osteocytes, thereby in"uencing the modulating 

effect of osteocytes on the activity of osteoblasts and/or osteoclasts [8,9]. In osteoarthritis, bone 

adapts well to mechanical loading with changes in bone density, accordingly. Thus in osteopenia, 

osteoarthritis, and osteopetrosis, bone adapts differently to mechanical loading, which might 

be related to differences in the mechanosensitivity of osteocytes, which is dependent on the 

morphology of these cells [14,17]. Therefore we explored whether there are differences in the 

morphology of osteocytes and their lacunae in osteoarthritic, osteopenic and osteopetrotic bone 

using nano-CT and confocal laser scanning microscopy.
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Materials and Methods

Patients

In this study we selected 3 middle aged Caucasian female patients with moderate to severe pain 

of the knee, and impairment of knee function in daily living. Patients had a mild varus deformity 

and some !exion de"cit of the knee, but no extension de"cit. They showed narrowing on the 

medial side of the knee joint on roentgenographic examination. These patients had an indication 

for total knee arthroplasty. Standard X-rays of the knee were performed, both anterior-posterior 

and lateral, including the distal femur, the proximal tibia and the patella. The roentgenographic 

studies of the knee of each patient revealed typical signs of respectively osteoarthritis, osteopenia 

and osteopetrosis. The BMD of each patient was assessed using dual energy X-ray absorptiometry 

and con"rmed the diagnosis osteopenia and osteopetrosis (Table 1).  

The "rst patient was a 62-year old female suffering from osteoarthritis without co-morbidities. 

The second patient was a 49-year old female with osteopenia due to a history of rheumatoid 

arthritis with an onset approximately 10 years ago, treated with anti-in!ammatory drugs and 

cytostatics for more than 5 years. The third patient was a 40-year old woman with autosomal 

dominant type I osteopetrosis. Informed consent was obtained from each patient and/or her 

caretaker.

Table 1. Gender, age, and bone mineral density of the proximal tibia of patients with osteoarthritis, 
osteopenia, or osteopetrosis.

Bone Gender (M/F) Age (yrs) BMD (g/cm2) 
L1-L4    

T-score (SD)

Osteoarthritis F 62 1.44 2.2

Osteopenia F 49 1.07 -1.0

Osteopetrosis F 40 1.99 6.8
 
M, male; F, female; BMD, bone mineral density; L1-L4, lumbar vertebrae 1-4; T-score, the number of 
standard deviations above or below the average BMD value for healthy young white women. 

Bone preparation

In all patients total knee arthroplasty was performed according to a standardized procedure in the 

morning of separate days within a time frame of two weeks. Bone from the anterolateral articular 

surface of the proximal tibia, which was visible on X-rays, was obtained during surgery and 

stored in phosphate buffered saline (PBS). The same day within 6 hours after surgery, the resected 

bone was cut along the longitudinal axis in the sagittal plane, in sections varying from 0.5 mm 

to 1 mm in thickness, and immediately put in "xative. The bone sections were "xed with 4% 

paraformaldehyde (Merck, Whitehouse Station, NJ, USA) in PHEM buffer containing 60 mM 

Pipes (Sigma, St. Louis, MO, USA), 25 mM Hepes (Sigma), 5 mM EGTA (Sigma), 1 mM MgCl
2
 

(Merck), 3% sucrose, and 0.1% Triton X-100 (Serva, Heidelberg, Germany), for 20 min in the 
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dark at 37ºC. After washing thrice for 5 min with PBS, bone explants were blocked in blocking 

buffer (PBS containing 5% horse serum, 5% glycine, and 0.1% Triton X-100) for 2 h at room 

temperature in the dark as described earlier [15]. The bone sections were stored in PBS at 4ºC until 

preparation for osteocyte and/or osteocyte lacunae imaging as described below. For orientation 

during imaging, a thin layer of cartilage was kept intact remained to keep orientation, which was 

carefully removed by cutting with a surgical knife before nano-CT scanning and confocal laser 

scanning microscopy. The same bone preparation procedure was followed for the resected bone 

of each patient. 

Osteocyte staining

For in situ imaging, the actin cytoskeleton of the osteocytes in the bone matrix was stained using 

Alexa 488 !uorescent phalloidin (Invitrogen, Eugene, OR, USA) for 24 h, as described previously 

[34], before confocal laser scanning microscopy. 

Confocal laser scanning microscopy

Image acquisition

Confocal images of osteocytes were obtained by using BioRad MRC-1000 UV Leica confocal 

system attached to a Leica inverted microscope (Leica Microsystems, Wetzlar, Germany). A Leica 

63x water immersion objective was used with a numerical aperture of 1.2 and a working distance 

of 170 µm. The bone sections were excited by using a krypton/argon laser at 488 nm and the 

emission was collected at 519 nm. Sequences of x-y optical slices were collected, separated by 0.1 

µm on the z-axis. Osteocytes in bone sections from osteoarthritic, osteopenic and osteopetrotic 

bone were scanned up to a depth (z-direction) of 10-30 µm with steps of 0.1 µm. Osteocyte 

length and depth were measured in the x-y plane. Osteocyte width was measured using maximal 

projection of a series of z-scans.

Post acquisition image processing: deconvolution

All images were processed by means of an interactive maximum likelihood estimation algorithm 

(Huygens II deconvolution software, Scienti#c Volume Imaging, Hilversum, The Netherlands, 

http://www.svi.nl) running on Octane and Origin 300 Computers (SGI, Mountain View, CA, 

USA). Deconvolution of a series of x-y optical slices, ‘z-stacks’, was done in order to achieve 

the very best resolution with the highest degree of statistical con#dence [35]. This processing 

improves the quality of blurry or noisy images in such a way that the structures become sharper 

and more clear in an environment cleaned of noise, which in the end improves the quality of the 

3D reconstruction to a large extent.
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3D reconstruction: surface rendering

After deconvolution of the image z-stacks with the Huygens-II software, the structures (osteocyte 

cell bodies) included in the image �les were 3D-reconstructed by using the Amira™ visualization/

modeling software (Konrad Zuse Zentrum for Information Technology, Berlin, Germany, http://

amira.zib.de; program distribution by www.amiravis.com) [36]. Morphological measurements 

were carried out by using Amira™ visualization/modeling software.

Nano-computed tomographic scanning

From two sections of the resected bone of the proximal tibia of each patient, a piece of bone of 

approximately 3x1x0.75mm in size was cut and mounted onto a nano-CT stage and a standardized 

cone beam nano-CT scan was performed using a high resolution nano-CT system (SkyScan 2011, 

SkyScan N.V., Kontich, Belgium). Isotropic voxel sizes for the scans were 580 nm. The applied 

x-ray voltage was 25 kV and no �lter was used. After standardized reconstruction by a modi�ed 

Feldkamp algorithm [37], using SkyScan NRecon software, the data sets for each bone section 

were analyzed using SkyScan CT-analyzer software. Volumes of interest (VOI) of 200 layers were 

selected in each of the six sections from cortical bone regions. Bone sections from osteoarthritic, 

osteopenic and osteopetrotic bone were scanned with a region of interest of 200 slices of 580 nm 

thickness. The number of osteocyte lacunae in the total volume of interest was measured, from 

which osteocyte lacunae density was calculated. 

Osteocyte lacunae that were clearly visible in the reconstructed images were converted into 

discrete binary objects by inverse binarization combined with image �ltering steps such as 

despeckling to remove noise. Volume and surface area of each osteocyte lacuna were measured. 

To assess the alignment of osteocyte lacunae in bone, the degree of anisotropy was measured. 

A spherical volume of interest was selected with a diameter of 160 pixels, spanning 93 µm, 

centered in the initial volume of interest, to exclude artifacts. The degree of anisotropy of a single 

osteocyte lacuna in osteoarthritic, osteopenic and osteopetrotic bone was measured by facet normal 

orientation distribution using ANT™ software (SkyScan, Kontich, Belgium), which creates 

surface rendered 3D models based on algorithms such as Marching Cubes [38] and adaptive 

rendering (SkyScan). The degree of anisotropy of osteocyte lacunae in the volume of interest was 

measured by using the mean intercept length (MIL), which is equivalent to alignment of the 

osteocyte lacunae.

Statistics

Statistical analysis was performed using Kyplot (KyensLab Inc., Tokyo, Japan). Mean values of 

the morphological parameters length, width, and depth, from individual osteocytes, as well as 

the mean values of volume and surface from individual osteocyte lacunae were calculated and 

statistically analyzed using one-way analysis of variance (ANOVA) to compare osteoarthritic, 

osteopenic, and osteopetrotic bone. Student’s t-test was used to compare the mean values of width, 
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length, and depth of osteocytes and volume and surface area of osteocyte lacunae in osteoarthritic, 

osteopenic, and osteopetrotic bone individually. Differences were considered signi!cant if p<0.05.

Results

Confocal laser scanning microscopy of osteocytes in bone sections from osteoarthritic, osteopenic 

and osteopetrotic bone was performed. The maximal projection high-resolution optical slices of 

the confocal z-series scan showed relatively elongated osteocytes in osteoarthritic bone (Fig. 1A), 

relatively large and round osteocytes in osteopenic bone (Fig. 1B) and relatively small and round 

osteocytes in osteopetrotic bone (Fig. 1C). 

Figure 1. Maximal 2D projection of single osteocytes in osteoarthritic, osteopenic and osteopetrotic cortical 
bone of the proximal tibia using confocal laser scanning microscopy scans. A) Osteoarthritic bone, showing 
relatively elongated osteocytes. B) Osteopenic bone, showing relatively round osteocytes. C) Osteopetrotic 
bone, showing relatively small and round osteocytes. All types of bone show the presence of the intercellular 
osteocyte network. Bar, 15 µm.

The 3D reconstructed images of single osteocytes supported the results of the maximal projection 

high-resolution optical slices of the confocal z-series and showed relatively elongated osteocytes 

in osteoarthritic bone (Fig. 2A), relatively large and spherical osteocytes in osteopenic bone (Fig. 

2B), and relatively small and spherical osteocytes in osteopetrotic bone (Fig. 2C).

One-way analysis of variance showed signi!cant differences between osteoarthritic, osteopenic 

and osteopetrotic bone for width, length, and depth of osteocytes measured by confocal laser 

scanning microscopy and volume and surface area of osteocyte lacunae measured by nano-CT 

scanning (Table 2).
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Figure 2. 3D reconstruction of single osteocytes in osteoarthritic, osteopenic and osteopetrotic cortical 
bone of the proximal tibia using confocal laser scanning microscopy scans. A) Osteoarthritic bone, 
showing relatively elongated osteocytes. B) Osteopenic bone, showing relatively large, round osteocytes. C) 
Osteopetrotic bone, showing relatively small, round osteocytes. Bar in x, y and z-direction, 20 µm.

Table 2. One-way analysis of variance of morphological parameters of osteocytes and osteocyte lacunae in 
osteoarthritic, osteopenic, and osteopetrotic bone. 

Parameter SS d.f. F p

Ocy width 813.1 110 24.6 <0.001

Ocy length 1986.8 110 33.0 <0.001

Ocy depth 1312.8 110 5.9 <0.01

Lac volume 23.4x106 2475 211.7 <0.001

Lac surface 26.1x106 2475 160.8 <0.001

Lac S/V 498.9 2475 213.3 <0.001

Ocy, osteocyte; Lac, osteocyte lacuna; S/V, surface to volume ratio; SS, total sum of squares; d.f., total degrees 
of freedom; F, Fisher’s distribution is the variance of the group means divided by the mean of the within-
group variances; p, p-value.

In osteopetrotic bone, the width of osteocytes was 1.5 fold lower compared to osteoarthritic bone, 

and 1.6 fold lower compared to osteopenic bone. Osteocyte width was similar in osteoarthritic and 

osteopenic bone (Fig. 3A, Table 3). Osteocyte length was measured similarly as osteocyte width, 

using maximal projection of a series of z-scans. In osteopetrotic bone, the length of osteocytes 

was 1.5 fold lower compared to osteoarthritic bone, and 1.4 fold lower compared to osteopenic 

bone. Osteocyte length was similar in osteoarthritic and osteopenic bone (Fig. 3B, Table 3). 

Osteocyte depth was measured using 3D reconstruction of a series of z-scans. Osteocyte depth 

in osteopetrotic bone was 1.2 fold lower compared to osteopenic bone and osteoarthritic bone 

(Fig. 3C, Table 3). The width-to-length-to-depth ratio was calculated by dividing the length 

and depth of each osteocyte by its width to describe the osteocyte’s morphology. In osteopetrotic 

bone, the width-to-length ratio of osteocytes was similar compared to osteoarthritic bone and 1.2 

fold higher compared to osteopenic bone. The width-to-length ratio of osteocytes in osteopenic 

bone was 1.3 fold lower compared to osteoarthritic bone. In osteopetrotic bone, the width-to-

depth ratio of osteocytes was 1.4 fold higher compared to osteoarthritic and osteopenic bone. 
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Hence, osteocytes in osteopenic bone were relatively round (ratio lengths 1:1.8:1.6), those in 

osteopetrotic bone more discoid shaped (ratio lengths 1:2.2:2.2), and in osteoarthritic bone rather 

elongated (ratio lengths 1:2.3:1.6) (Fig. 3D).

Figure 3. Dimensions and ratio lengths of osteocytes in osteoarthritic, osteopenic and osteopetrotic 
cortical bone of the proximal tibia measured by confocal laser microscopy scans and 3D reconstruction. 
A) PET bone showed a lower osteocyte width compared to OA and OP bone. B) PET bone showed a 
shorter osteocyte length compared to OA bone and OP bone. C) OP bone showed a higher osteocyte 
depth than PET bone. D) The length-to-width ratio of osteocytes is smaller in OP bone compared to OA 
bone. The width-to-depth ratio of osteocytes is higher in PET bone compared to OA bone. The length-
to-width and the depth-to-width ratio of osteocytes is smaller in OP bone compared to PET bone. Data 
are presented as mean ± SEM. Ocy, osteocyte; OA, osteoarthritic; OP, osteopenic; PET, osteopetrotic.  
a Signi"cantly different from OA, p<0.05. b Signi"cantly different from PET, p<0.05.
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Table 3. Morphological parameters of osteocytes in osteoarthritic, osteopenic, and osteopetrotic cortical 
bone of the proximal tibia.

Bone Number of osteocytes Width (µm) Length (µm) Depth (µm)

Osteoarthritis 37 8.4 ± 0.4 17.3 ± 0.7 12.2 ± 0.6

Osteopenia 36 8.9 ± 0.4b 15.6 ± 0.4b 13.4 ± 0.6b

Osteopetrosis 38 5.5 ± 0.3a 11.1 ± 0.5a 10.8 ± 0.4

Data are presented as mean ± SEM for the entire population of osteocytes. 
a Signi#cantly different from OA, p<0.05. b Signi#cantly different from PET, p<0.05.

Nano-CT scans of bone sections from osteoarthritic, osteopenic and osteopetrotic bone revealed 

that osteoarthritic bone showed the highest osteocyte lacunae density and osteopenic bone the 

lowest, while the value for osteocyte lacunae density in osteopetrotic bone was intermediate, i.e. 

between the values measured for osteoarthritic and osteopenic bone (Table 4). 

The 3D nano-CT scan images showed relatively small, aligned osteocyte lacunae in osteoarthritic 

bone (Fig. 4A), and large, aligned osteocyte lacunae in osteopenic bone (Fig. 4B). In osteopetrotic 

bone, the osteocyte lacunae were intermediate sized, without any obvious alignment in any 

direction (#g. 4C).

Table 4. Osteocyte lacunae density in osteoarthritic, osteopenic, and osteopetrotic cortical bone of the 
proximal tibia.

Bone Osteocyte lacunae density  
(x103/mm3)

Number of osteocyte 
lacunae

Total VOI 
(x10-3 mm3)

Osteoarthritis 21.8 ± 4.0 659 ± 70 30.6 ± 0.8

Osteopenia 8.0 ± 0.5 120.5 ± 30.3 14.4 ± 3.1

Osteopetrosis 15.6 ± 3.4 458.5 ± 5.8 32.2 ± 4.6
 
The mean osteocyte lacunae density was calculated from the number of osteocyte lacunae measured per bone 
volume of interest using nano-CT scanning in two samples of each bone type. Data are presented as mean ± 
SEM. VOI, bone volume of interest.

Figure 4. 3D reconstruction of osteocyte lacunae in osteoarthritic, osteopenic and osteopetrotic cortical bone 
of the proximal tibia using nano-CT scanning. A) Osteoarthritic bone, showing relatively small, aligned 
osteocyte lacunae. B) Osteopenic bone, showing relatively large, aligned osteocyte lacunae. C) Osteopetrotic 
bone, showing relatively intermediate sized osteocyte lacunae without any obvious alignment. Bar, 15 µm.
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The mean volume of single osteocyte lacunae in osteopenic and osteopetrotic bone was respectively 

3.5 and 1.9 fold larger compared to osteoarthritic bone, and that in osteopenic bone 1.8 fold larger 

compared to osteopetrotic bone (Fig. 5A, Table 5). The mean surface area of single osteocyte 

lacunae in osteopenic and osteopetrotic bone was respectively 2.2 and 1.5 fold larger compared 

to osteoarthritic bone, and that in osteopenic bone 1.5 fold larger compared to osteopetrotic 

bone (Fig. 5B, Table 5). The surface area-to-volume ratio of osteocyte lacunae in osteopenic bone 

compared to osteoarthritic and osteopetrotic bone was 1.8 respectively 1.2 fold lower, and that in 

osteopetrotic bone 1.2 fold lower compared to osteoarthritic bone (Fig. 5C). 

Figure 5. Dimensions and surface area-to-volume ratio of osteocyte lacuna in osteoarthritic, osteopenic 
and osteopetrotic cortical bone of the proximal tibia measured by nano-CT scanning. A) Osteocyte 
lacuna volume is higher in OP and PET bone compared to OA bone. Osteocyte lacuna volume is 
higher in OP bone compared to PET bone. B) Osteocyte lacuna surface is higher in OP and PET bone 
compared to OA bone. Osteocyte lacuna surface is higher in OP bone compared to PET bone. C) The 
surface area-to-volume ratio (S/V ratio) of osteocyte lacuna is lower in OP and PET bone compared 
to OA bone. The S/V ratio of osteocyte lacuna is lower in OP bone compared to PET bone. Data are 
presented as mean ± SEM. Ocy, osteocyte; OA, osteoarthritic; OP, osteopenic; PET, osteopetrotic.  
a Signi"cantly different from OA, p<0.0001. b Signi"cantly different from PET, p<0.0001.

Table 5. Morphological parameters and alignment of osteocyte lacunae in osteoarthritic, osteopenic, and 
osteopetrotic cortical bone of the proximal tibia. 

Bone Volume (µm3) Surface area (µm2) MIL (a.u.)

Osteoarthritis 51.2 ± 2.2 94.6 ± 2.8 2.8 ± 0.1

Osteopenia 179.1 ± 15.6a,b 211.9 ± 14.4a,b 3.1 ± 0.8

Osteopetrosis 97.6 ± 4.5a 142.0 ± 5.0a 1.8 ± 0.3
 
Directional alignment of osteocyte lacunae was determined from their degree of anisotropy by using nano-
CT scanning. The degree of anisotropy was measured using the mean intercept length. Data are presented 
as mean ± SEM for the entire population of single osteocyte lacunae. MIL, mean intercept length; a.u., 
arbitrary units.
a Signi"cantly different from OA, p<0.05. b Signi"cantly different from PET, p<0.05.
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The degree of anisotropy within the osteocyte lacunae of osteoarthritic, osteopenic and 

osteopetrotic bone was measured using ANT™ software within a volume of interest, described 

as a sphere with a diameter of 160 pixels, spanning 93 µm, within the initial region of interest, 

to exclude artifacts. There were no differences in the degree of anisotropy between osteoarthritic, 

osteopenic and osteopetrotic bone using ANT™ software (Fig. 6A). In osteopenic bone and 

osteoarthritic bone, the MIL was 1.8 respectively 1.6 fold higher compared to osteopetrotic bone, 

and 1.1 fold lower in osteoarthritic bone compared to osteopenic bone (Fig. 6B, Table 5).

Figure 6. Degree of anisotropy within the osteocyte lacunae in osteoarthritic, osteopenic and osteopetrotic 
cortical bone measured by nano-CT scanning using ANT™ software and the mean intercept length. A) The 
degree of anisotropy was 11% higher in OP bone, and 37% lower in PET bone compared to OA bone. B) 
The mean intercept length was slightly higher in OP bone, and lower in PET bone compared to OA bone.
Data are presented as mean ± SEM. OA, osteoarthritic; OP, osteopenic; PET, osteopetrotic; MIL, mean 
intercept length; a.u., arbitrary units.

Discussion

Bone adapts to increased mechanical loading by an increase in bone density and to decreased 

mechanical loading by a decrease in bone density [18]. The apparent difference in bone density 

in patients with osteopenia, osteopetrosis and osteoarthritis can be explained amongst others by a 

difference in adaptation to mechanical loading. This suggests a difference in mechanosensitivity 

of osteocytes in these three bone types, which might result from a difference in osteocyte 

morphology. We explored this possibility that osteocyte morphology might play a role in various 

bone pathologies. Nano-CT and confocal microscopy demonstrated signi"cant differences in 

osteocyte 3D-morphology in osteopenic, osteopetrotic and osteoarthritic bone i.e. osteocytes in 

osteoarthritic bone were relatively small and elongated, whereas osteocytes in osteopenic bone 

were relatively large and round, and osteocytes in osteopetrotic bone were relatively small and 

had a round, discoid shape. Osteopenic bone showed large osteocyte lacunae, whereas osteocyte 

lacunae in osteopetrotic bone were smaller. The smallest osteocyte lacunae were found in 
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osteoarthritic bone. Since the osteocyte cell body likely has a role in direct mechanosensing of 

matrix strain and adapts its 3D-morphology to mechanical loading for ef!cient mechanosensing, 

differences in cell shape might re"ect differences in osteocyte mechanosensitivity, which might 

relate to differences in BMD. 

Although we observed a difference in morphology between osteocytes in osteoarthritic and 

osteopenic bone, there was little difference in cell size in these two bone pathologies. However, we 

found a signi!cant difference in size of the osteocyte lacunae. These results suggest a discrepancy 

in the size of the osteocyte and its lacuna in osteopenic bone compared to osteoarthritic bone. 

This !nding implies that deformation of the bone matrix due to mechanical loading, resulting 

in matrix strain, cannot be easily sensed by osteocytes in osteopenic bone [14]. When osteocytes 

are less stimulated by mechanical loading they produce a.o. less NO and PGE
2
 which results in 

low osteoblast activity and high osteoclast activity, and !nally in low BMD and progressive bone 

loss [7-10]. This might be a cause of the progressive bone loss in osteopenia or osteoporosis due 

to osteoclast stimulation by osteocytes [9].

In a computational and experimental model, McGarry et al. [6] already showed that there are 

independent roles for "uid "ow and strain as mechanical stimuli, where "uid "ow causes "uid 

shear stress at the osteocyte cell processes and matrix strains act on the cell body. High bone 

mineral density in osteopetrosis might be explained by a narrow space between the osteocyte cell 

processes and the wall of the canaliculi in which they extend. When bone is loaded, this causes 

a relatively high "uid shear stress on the osteocyte resulting in increased signalling molecule 

production (nitric oxide, prostaglandins, etc), followed by stimulation of osteoblast differentiation 

and increased osteogenesis, and !nally narrowing of the space between the osteocyte cell processes 

and the wall of the canaliculi in which they extend leading to increased bone mineral density. The 

same reasoning could be used inversely for osteopenia resulting in osteoporosis.

It is generally accepted that the surface area-to-volume ratio is inversely proportional to 

the size of an object. If the radius of different objects is the same, the surface area-to-volume 

ratio of these objects provides an indication for the morphology of an object. A spherical object 

for example, has the lowest surface area-to-volume ratio. Our !ndings show that the osteocyte 

lacunae of osteopenic bone are the most spherical and osteocyte lacunae of osteoarthritic bone are 

the least spherical.

Looking critically at the data obtained by confocal laser scanning microscopy and nano-CT, 

and assuming that the volume of an osteocyte equals the volume of an ellipsoid geometrical 

!gure (4/3 x π x ½l x ½w x ½d), the osteocyte volume calculated using confocal laser scanning 

microscopy data exceeds the volume of the osteocyte lacuna. This discrepancy can be ascribed 

to spatial intensity heterogeneity, which might be caused a.o. by photo-bleaching, "uorescence 

attenuation in depth (z-axis), image acquisition factors and manual adjustment of the threshold 

of the acquired signal [39]. These factors however do not affect our conclusion, since the osteocyte 

3D morphology, as assessed by the ratio of the osteocyte dimensions (length, width, and depth), 
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is likely not affected or affected to a similar extend in the three bone pathologies by the factors 

causing this discrepancy. For example, the osteocyte 3D morphology could be affected by 

shrinkage during the period from bone isolation to �xation. Since the bone obtained from our 

patients was treated according to the same protocol, the osteocytes would be affected to a similar 

extend. Shrinkage however does not apply to mineralized tissue and therefore does not affect the 

morphology of osteocyte lacunae nor the differences found between the three bone types.

In osteopenic bone we found low osteocyte lacuna density and large osteocyte lacunae 

compared to osteoarthritic and osteopetrotic bone. Reduced osteocyte density in female patients 

with low BMD consists with �ndings from a previous study by Mullender et al. [40]. Previous 

studies on the size of osteocyte lacunae in osteoporosis using two-dimensional sections produced 

contradictory results [41,42]. A study by McCreadie et al. (2004) using confocal microscopy 

did not show differences in osteocyte lacuna size in bone of women with a mean age of 80 years, 

with and without an osteoporotic fracture [43]. The osteopenic bone we used for assessment of 

osteocyte lacuna size was derived from a 49-year-old female patient with rheumatoid arthritis 

treated with anti-in�ammatory drugs such as corticosteroids and cytostatics. There were no 

patients with rheumatoid arthritis in the study of McCreadie et al. [43] and the age of the patient 

population was markedly higher than that of the patient in our study. Therefore our results 

cannot be easily compared. Rheumatoid arthritis causes localized and generalized osteoporosis, 

and the use of corticosteroids exaggerates the development of osteoporosis in 40% of the patients 

with rheumatoid arthritis [44]. Therefore, the bone of the osteopenic patient in our study is an 

excellent representation of bone that is characterized by low BMD. The bones of the osteoarthritic 

and osteopetrotic patient were typically representations of bone with medium and high BMD 

respectively. 

The patients in our study had similar characteristics regarding age, sex, ethnicity, 

comorbidities, alignment of the knee, pain and impairment of knee function in daily living, 

which suggests similar external loading conditions. Thorp et al. showed that among individuals 

with mild radiographic osteoarthritis of the knee, symptomatic patients have signi�cantly higher 

medial compartment loads than asymptomatic patients [45]. A biomechanical component to 

the distinction between symptomatic and asymptomatic radiographic osteoarthritis may be 

pathophysiologically important [45]. Our patients were considered symptomatic, since they 

experienced knee pain and impairment in daily life. We speculate that the similar external loading 

conditions of the proximal tibia in combination with differences in BMD in our patients suggests 

that the osteocytes are inherently different in osteopenic, osteoarthritic, and osteopetrotic bone, 

which might alter their ability to sense mechanical stimuli.

To our knowledge this is the �rst study to use nano-CT scanning to visualize and measure 

the size of osteocyte lacunae in human osteoarthritic, osteopenic and osteopetrotic bone. Vatsa 

et al. [14] used nano-CT scanning to show a high degree of anisotropy, measured by facet 

normal orientation distribution using ANT™ software (SkyScan) of osteocyte lacunae in mouse 
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 bula compared to calvaria. Facet normal orientation distribution correlates with the degree of 

anisotropy within an osteocyte lacuna. It was concluded that osteocytes align in the principal 

loading direction [14]. Using the same measurement for the degree of anisotropy, we did not 

 nd a difference in the degree of anisotropy within osteocyte lacunae in osteopenic, osteopetrotic 

and osteoarthritic bone. However, when we used the well known mean intercept length as 

measurement of degree of anisotropy [46], the osteocyte lacunae in osteopetrotic bone were less 

aligned to the principal direction of loading compared to the osteocyte lacunae in osteopenic 

and osteoarthritic bone. This could be explained by the high bone density in osteopetrotic bone 

which results in little deformation of bone matrix to mechanical loading [47]. This suggests a 

relatively small matrix strain resulting from mechanical loading of bone. The relatively small 

matrix strain on osteocytes in response to mechanical loading of osteopetrotic bone could result 

in a lower degree of anisotropy.

High BMD in autosomal dominant type I osteopetrosis corresponds to the round, discoid 

shape of osteocytes in osteopetrotic bone. Round osteocytes have been shown to be much more 

sensitive for small strain than "at osteocytes [17]. Thus, osteocytes in osteopetrotic bone might 

be more sensitive to mechanical loading and therefore produce more soluble factors such as NO 

which have been shown to inhibit osteoclast activity [9]. This increased mechanosensitivity of 

osteocytes in autosomal dominant type I osteopetrosis could result in the imbalance in osteoblast/ 

osteoclast activity leading to a high BMD in autosomal dominant type I osteopetrosis. This 

is supported by studies suggesting that the LRP5/Wnt signaling pathway plays a key role in 

mechanosensing of bone [48]. In a study with LRP5 mutant mice it was emphasized that LRP5 

is required for normal proliferation and function of osteoblasts [49]. In autosomal dominant type 

I osteopetrosis a gain-of-function mutation in the LRP5 gene is found [50]. In transgenic mice 

with a similar gain-of-function mutation, a lower threshold level of strain is required to induce a 

bone formation response after loading of the tibia [48]. 

A limitation of this study is the small number of subjects, which is predominantly due to 

the relatively small number of middle-aged female patients with an indication for total knee 

arthroplasty. The indication for total knee arthroplasty in middle aged female patients with a 

low bone mineral density is rare because osteoarthritis and osteopenia are common in the elderly 

but rarely coexist [30]. Furthermore, autosomal dominant type I osteopetrosis is a rare disease 

and its prevalence is low [25]. This study was conducted after visual inspection of osteocytes in 

human iliac crest bone of nine patients with high, low, and intermediate BMD, which clearly 

revealed differences in osteocyte morphology (data not shown). To support this observation we 

quanti ed the morphological differences in detail in subjects with typical signs of high, low, 

and intermediate BMD. Since Vatsa et al. [14] showed differences in osteocyte morphology in 

mouse  bulae compared to calvariae and suggested that this was due to the principal direction 

of loading, we used subchondral cortical bone biopsies of the articular surface of the proximal 

tibia taken at the same location and undergoing similar loading direction. Mechanical loading 
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of murine tibia showed that the cortical bone needs a higher load to respond with an increase 

in bone compared to the trabecular bone [51]. This suggests trabecular bone is more responsive 

to mechanical loading and therefore osteocyte morphology in trabecular bone might be more 

relevant. However, after extended research of the literature we could not �nd any information on 

the morphology of osteocyte and osteocyte lacunae in trabecular bone.

In conclusion, we have demonstrated in subchondral cortical bone of the resected lateral 

articular surface of the proximal tibia obtained from three patients with an indication for total 

knee arthroplasty and different bone pathologies c.q. different BMD (osteoarthritis, osteopenia, 

and osteopetrosis), that there are signi�cant differences in the morphology of osteocytes as well as 

their lacunae. The differences in 3D morphology of single osteocytes in bone with different BMD 

may be an adaptation to the differences in matrix strain in these bones in response to similar 

external physiological mechanical loading. Moreover, since direct mechanosensing of matrix 

strain likely occurs by the cell bodies, the differences in osteocyte morphology and their lacunae 

might indicate differences in osteocyte mechanosensitivity. The exact relationship between 

osteocyte morphology and bone architecture, however, is complex and deserves further study. 

This exploratory study shows, for the �rst time, a relationship between osteocyte morphology and 

bone architecture, which provides new insight and might contribute to a better understanding of 

the cellular processes that lead to different BMD in various bone pathologies.
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