Dynamics of osteoblasts during bone remodeling cycle
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Abstract. Bone is a dynamic connective tissue which adjusts to load variations through
continuous bone remodeling, which occurs due to the dynamic behavior of bone cells. Many
researchers made attempts in obtaining the dynamic characteristics of osteoblasts and its role in
bone remodeling cycle. While making an effort to understand the effects of mechanical stimuli on
the osteoblast, certain ambiguity is observed in the past literatures. This paper is to demonstrate
the dynamics of osteoblast cells and exhibition of different natural frequencies during its life cycle.
Osteoblast is modeled as a frustum of a sphere, considering it as a continuum model. The three
prominent parts of an osteoblast, i.c., membrane, cytoplasm and nucleus are considered with
reported material properties. Lifespan of an active osteoblast during bone remodeling cycle is
considered as 90 days and progressive osteoblast stages are analysed using Ansys. First ten natural
frequencies and mode shapes are extracted for nine stages and reported. It is observed that the
natural frequencies of a micron sized osteoblast are in the range of kHz. A mathematical relation
for the lifespan of an active osteoblast is obtained using curve fitting for fundamental natural
frequencies. The natural frequency for exciting an active osteoblast on each particular day during
its lifespan can be derived from the relation. This relation can serve as a guiding tool in
bioengineering for in vitro bone cell culturing. Results also throw light on the excitation frequency
and natural frequency of an osteoblast for proper analysis purpose. The different modes of
vibration of osteoblast is identified and reported.
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1. Introduction

Bone is a dynamic connective tissue which adjusts to load variations. This adaptation occurs
through continuous bone remodeling, which is a result of the dynamic behavior of bone cells.
Bone remodeling is a tightly directed procedure assuring the repair of micro damage (targeted
rebuilding) and replacing of old bone with new bone tissues. This process occurs through
successive osteoclastic resorption and osteoblastic bone formation. Osteoblasts are mesenchymal
bone forming cells that are responsible for the synthesis of bone forming matrix called osteoid.
Many medical researchers, over the past five to six decades, are studying the dynamic responses
of osteoblasts with the help of experimentation. Certain ethical regulations limit the researchers
to conduct experiments on living beings. Experimental analysis in vivo is extremely expensive,
requires a lot of time and skill which poses as a great challenge to many researchers. This
experimental constraint leads to recent studies of the osteoblast cell being carried out numerically
and analytically. Finite element analysis enables effective and easier determination of the
biomechanical behavior of human subsystems. Simulation techniques potentially reduce the cost
and time in the development and analysis of bone cells.

Many researchers have made an attempt to report the responses of osteoblast cultured cells to
mechanical stimuli via experimentation. Chow et al. [1] demonstrated the increase of bone
formation by 25-30 % for an animal study, at a vertical vibration of 35 Hz with a peak acceleration
of 0.3 g. Wang et al. [2] demonstrated the effect of frequency and acceleration amplitude on
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osteoblast responses. A finite element approach is used to model the osteoblast. The
base-excitation responses and resonance frequencies of six different models are reported. While
appreciating and respecting the work of the author, it is necessary to point out that the natural
frequency reported by the author is referred to previous studies [3, 4] which have compared their
natural frequency results with the excitation frequency [5], which is inappropriate. Any system
subjected to an excitation frequency is compelled to vibrate at the excitation frequency only, but
not at the natural frequency of the system.

The present work is to demonstrate the dynamics of osteoblast cell and exhibition of different
natural frequencies during its life cycle. A simple curve fit is carried out to establish a relation
between the fundamental natural frequency and the days elapsed for an active osteoblast in bone
remodeling cycle. Authentic natural frequencies and the parameters involved for dynamic analysis
of micron sized bone cells are highlighted using certain standard approaches.

2. Modeling and simulation

A solid model of an osteoblast cell is developed, considering the three major parts viz., the
membrane, cytoplasm and nucleus, using Solid Works. The membrane is a protective layer for the
cell, made up of a phospholipid bilayer implanted with proteins. The cytoplasm is a viscous
material that is present between the membrane and nucleus. It holds the nucleus in place apart
from other organelles in the cell. The nucleus is the most vital part of the cell as it controls the
growth, metabolism, synthesis of proteins and stores hereditary information of the cell.

All the three parts are assumed to be isotropic, linear and elastic for the present work. The
properties selected are listed in Table 1.

Table 1. Material properties of osteoblast [2]

Material | Density (kg/m?®) | Young’s modulus (N/m?) | Poisson’s ratio
Membrane 600 1000 0.3
Cytoplasm 1500 1500 0.37

Nucleus 1800 6000 0.37

A continuum model approach is used for the investigation. Progressive stages of spreading of
an active osteoblast cell over its lifespan of 90 days [6, 7] are modeled in 10 stages. The cytoplasm
is modeled as an elastic body with a cavity at its center to accommodate the nucleus. The
membrane and the cytoplasm are modeled as a spherical frustum. The membrane thickness is
considered as 6 nm [8]. The volume of the cell is kept constant as 3, 000 pm? [2]. A linear reduction
in height ranging from 15.45 pm to 1 pm and corresponding increase in base surface radius from
6.64 pm to 44.60 um for every 10 days is calculated using the relation:

h2

where h is the instantaneous height, v is the volume and b is the base surface radius of the
osteoblast.

The nucleus is modeled with a constant volume (<105 um?) [3], as a sphere for models I-VI
and as an ellipsoid for models VII-X. Eq. (1) is used to obtain the progressive cell height and base
surface radius which are tabulated in Table 2.

During the assembly of the osteoblast model for each stage, the integrity of the three parts is
preserved. Models are exported to Ansys (Workbench 18.2). The material properties are assigned
as indicated in Table 1. A tetrahedral mesh element with fine mesh size, along with patch
confirming method is used to derive a suitable meshing for the entire model. A fixed boundary
condition for the base surface is considered. The natural frequencies up to 10 modes are extracted
for model I to IX and tabulated in Table 3.
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Table 2. Calculated height and corresponding radius of osteoblast for ten stages

Model I il i} I\ vV VI | VIl | VIl | IX X
Ce“ilrlle:lg;l‘t (W) | 1545 | 1384 | 1223 | 1062 | 901 | 740 | 579 | 418 | 257 | 1.00
Base surface 6.64 | 8.61 | 1031 | 11.93 | 13.60 | 15.49 | 17.85 | 21.24 | 27.22 | 44.60

radius Ry, in (um)
Table 3. Natural frequencies obtained from ANSYS 18.2
Natural Model

Frequency (Hz) I 11 111 v v VI VI VIII X
1st mode 6,680 | 10,375 | 14,181 | 18,146 | 22,412 | 27,563 | 34.269 | 44,831 | 68,694
2nd mode 6,681 | 10,376 | 14,182 | 18,147 | 22,413 | 27,563 | 34,270 | 44,940 | 68,716
3rd mode 10,140 | 14,626 | 18,885 | 23,045 | 27,244 | 31,873 | 37,840 | 47,544 | 69,563
4th mode 17,223 | 21,977 | 26,519 | 31,177 | 36,433 | 39,845 | 44,942 | 53,755 | 74,768
5th mode 19,920 | 24,653 | 29,138 | 33,494 | 36,676 | 39,845 | 44,943 | 53,806 | 74,899
6th mode 19,921 | 25,654 | 29,140 | 33,495 | 36,677 | 41,542 | 46,600 | 55,452 | 76,460
7th mode 29,904 | 31,294 | 32,605 | 34,332 | 37,595 | 41,545 | 46,602 | 55,498 | 76,569
8th mode 29,905 | 31,294 | 32,660 | 34,333 | 37,596 | 43,019 | 50,424 | 59,690 | 79,393
9th mode 32,301 | 34,747 | 36,526 | 38,763 | 42,053 | 47,552 | 51,665 | 59,718 | 79,521
10th mode | 32,301 | 34,747 | 36,528 | 38,766 | 42,054 | 47,553 | 51,666 | 59,818 | 79,745

With data obtained from Table 3, a plot is generated between the mode number and the natural
frequencies for models I to IX and shown in Fig. 1.

Model |
Model Il
Model Ill
Model IV
Model V
Model VI
Model VI
Model ViIl
Model IX

Natural Frequency (Hz)

Mode Number
Fig. 1. Mode number v/s natural frequencies

Fig. 1 demonstrates the increase in natural frequencies with every model. It is observed that
the stiffness increases as the height of the model decreases, resulting in a simultaneous increase
in natural frequency.

A plot is obtained between the fundamental natural frequency and the lifespan of an active
osteoblast for the models tabulated in Table 3 which are shown in Fig. 2.

Curve fitting is carried out for the fundamental natural frequencies versus the lifespan for the
models I-IX using a cubic function and can be expressed as follows:

wy, = 0.23662x% — 18.827x% + 759.55x + 5681. 2

This expression can be used to estimate the fundamental natural frequency of an active
osteoblast for a given day (x). This relation holds good for the initial dimensions and material
properties considered for all the parts of the osteoblast. A similar relation can be obtained by using
different dimensions and material properties. This serves as a guiding tool to determine the natural
frequency an active osteoblast possesses during the bone remodeling cycle and accordingly, the
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excitation can be initiated. However, depending upon the ratio between the excitation and natural

frequency one can estimate the response of the cell.
The corresponding mode shapes for models I to IX are obtained and shown in Figs. 3-5. The
dynamic analysis of model X is excluded as osteoblast reaches its final stage and becomes a

bone-lining cell.

Number of days V/s Natural Frequencies

o
x10
7

Natural Frequency (Hz)

Number of days

Fig. 2. Number of days v/s natural frequency of an active osteoblast

Mode 1 Mode 2 Mode 3 Mode 4
6,680.3 Hz 6,6680.3 Hz 10,140 Hz 17,223 Hz
Lateral mode Lateral mode Longitudinal mode Twisting mode /I\
along x-axis along y-axis along z-axis along z-axis

Fig. 3. First 4 mode shapes for model I

Model 1T Model IIT Model IV
Mode 1 Mode 1 Mode 1
10,375 Hz 14,181 Hz 18,146 Hz

Lateral mode Lateral mode Lateral mode /I\‘
along x-axis along x-axis along x-axis
Model V Model VI Model VII Model VIII
Mode 1 Mode 1 Mode 1 Mode 1
22,412 Hz 27,563 Hz 34,269 Hz 44,831 Hz
Lateral mode Lateral mode Lateral mode Lateral mode /I\
along x-axis along x-axis along x-axis along x-axis

Fig. 4. Fundamental mode shape for models II-VIII
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Fig. 3 shows the first four mode shapes for model 1. It is observed that the first two natural
frequencies are in x and y direction of the system, i.e., lateral mode of vibration. The 3rd mode
shape shows a longitudinal vibration in the z-direction. A twisting mode shape along the vertical
axis, viz., z-axis is observed for the fourth natural frequency of the system.

Fig. 4 shows the fundamental mode shapes for models II-VIII in x direction of the system, i.e.,
lateral mode of vibration.

The first four mode shapes for model IX are shown in Fig. 5. Lateral mode of vibration in x
and y directions are observed for the first two mode shapes respectively. A twisting mode shape
along the z- axis is observed for the 3rd natural frequency of the system. The 4th mode is observed
to be a longitudinal vibration in z-direction.

Mode 1 Mode 2 Mode 3

Twisting mode

Lateral mode Lateral mode )
along x-axis along y - axis along z-axis along z-axis

Fig. 5. First 4 mode shapes for model IX

3. Conclusions

The present investigation demonstrates a continuum model approach to analyse the dynamic
characteristics of an active osteoblast cell during the bone remodeling cycle. Progressive stages of
spreading of an active osteoblast are modeled. An increase in natural frequencies in the range of
6,680-68,694 Hz with reduction in size of every model is reported. Curve fitting is carried out for
the fundamental natural frequencies of all 9 models using a cubic function and a mathematical
relation is obtained. This mathematical equation holds good for the material and geometrical
properties considered in this work. The natural frequency at which an active osteoblast needs to
excite for increasing the bone formation rate can be determined with respect to time using this
mathematical relation. The response of the osteoblast can be determined depending upon the ratio
of excitation frequency to natural frequency of the system.
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