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Kurzfassung

Knochengewebe passt sich an seine mechanische Umgebung an. Dies geschieht mittels

Knochengewebeformation und -resorption. Ein besseres Verständnis dieser Knochenge-

webe(re)modellierung könnte zu besserem Verständnis von Krankheiten und gezielteren

Behandlungen führen. Ziel dieser Arbeit ist es, den Einfluss von statischer und dynamischer

Belastung auf die lokale Knochen(re)modellierung zu untersuchen.

Hierzu wurde der sechste Schwanzwirbel von 15 Wochen alten, weiblichen Mäusen in

vivo mittels einer axialen Druckvorrichtung 4 Wochen lang belastet. Die Studie umfasste

fünf Gruppen: scheinbelastet, statisch belastet, dynamisch belastet mit den Frequenzen

2 Hz, 5 Hz und 10 Hz. Die Knochenadaption wurde mittels in vivo Mikro-CT gemessen.

Morphometrische Parameter der Knochen wurden berechnet, um eine mögliche Frequenz-

abhängigkeit der Knochenadaption zu analysieren. Mechanische Größen (Verzerrungsener-

giedichte und deren Gradient), welche als Maß für direkte, mechanische Belastung an

Osteozyten betrachtet werden, wurden mit lokalem Knochen(re)modellierungsverhalten

korreliert. Poromikromechanische Modelle wurden angewendet, um den Porendruck in den

Lakunen und den Flüssigkeitsstrom in den Canaliculi zu untersuchen.

Die morphometrischen Parameter zeigten eine signifikant größere Adaption in den

dynamisch belasteten Gruppen. Diese Ergebnisse deuten auf einen logarithmischen Zu-

sammenhang zwischen Belastungsfrequenz und Knochenadaption hin. Höhere Werte der

Verzerrungsenergiedichte und deren Gradienten führten zu einer erhöhten Formations- und

verminderten Resorptionswahrscheinlichkeit. Trabekulärer und kortikaler Knochen zeigen

leicht unterschiedliche Ansprechverhalten auf. Der ermittelte Porendruck in den Lakunen

war größer als der hydrostatische Druck, der bekanntermaßen Knochenzellen stimuliert.

Die berechneten Fließgeschwindigkeiten in den Canaliculi betrugen bis zu 120 µm/s, waren

jedoch nicht hoch genug um eigenständig Knochenzellen zu stimulieren.

Zusammenfassend konnte gezeigt werden, dass eine dynamische Belastung notwendig

ist, um Knochenadaption hervorzurufen. Um Letztere zu maximieren, sollte die Belas-

tungsfrequenz im Bereich von 5–10 Hz liegen. Selten auftretende, stoßartige Belastung

mit hohen Verzerrungsraten, könnte ein wichtiger Bestandteil von Knochenadaption sein.

Hohe Verzerrungsraten führen zu hoher, direkter mechanischer Belastung und großem

Porendruck in den Lakunen, was sich beides positiv auf die Knochenadaption auswirkt.
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Abstract

Bone adapts to its mechanical environment by coupled (remodelling) and uncoupled

(modelling) bone formation and resorption. A better understanding of bone (re)modelling

could lead to insights into diseases and a more targeted disease treatment. The general

objective of this thesis is to investigate the influence of static and dynamic mechanical

loading on local bone (re)modelling behaviour.

To that end, the sixth caudal vertebrae of 15-week-old female mice were loaded in vivo

by means of an axial compression device over the course of 4 weeks. The study consisted

of five groups, which differed in type of loading: sham-loaded, static loading, dynamic

loading with 2 Hz, 5 Hz, and 10 Hz. Bone adaptation was measured with in vivo micro-CT

scans. Trabecular and cortical bone regions were analysed independently.

Bone morphometric parameters were computed to analyse a possible frequency depen-

dency of bone adaptation. Mechanical quantities (strain energy density, SED, and its

gradient), which are considered to be a measure of direct mechanical stress to an osteocyte,

were correlated with local bone (re)modelling behaviour. Poromicromechanical models

were applied to investigate lacunar pore pressure and canalicular fluid flow.

Bone morphometric parameters showed significantly greater adaptation in the dynamic-

loading groups. These results suggest a logarithmic relation between loading frequency and

bone adaptation. Greater SED and SED gradient values lead to an increase in formation

and decrease in resorption probability. Trabecular and cortical bone show slightly different

responses. The resulting lacunar pore pressure is greater than the hydrostatic pressure

known to stimulate bone cells. The estimated canalicular fluid velocity is in the range of

up to 120 µm/s, but not great enough to stimulate bone cells by itself. The underlying

theoretical concepts of pore pressure and fluid flow could be combined with viscoelastic

material behaviour to further study frequency or strain rate dependency.

In conclusion, it could be shown that dynamic loading is needed to induce bone

adaptation.In order to maximize bone adaptation, a loading frequency from a certain

range (5–10 Hz) is ideally applied. Infrequent impact loading with high strain rates could

be a key component of bone adaptation. High strain rates cause greater direct mechanical

strains and great lacunar pore pressure, which both influence bone adaptation positively.
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Chapter 1

Introduction

1.1 Motivation

Load-bearing tissue in mammalian bodies consists of proteins and minerals. Although the

basic building blocks are very similar, the force transmission requirements vary greatly.

While tendons, ligaments and fasciae transfer tensile forces, bone and cartilage mainly

have to resist compressive or shear forces. This leads to the notion that—depending on

the type, amount and arrangement of these basic building blocks—tissues can have vastly

different properties [1]. These differences also originate from the way the constituents are

arranged on the micro- and nano-scale [2]. Bone tissue is therefore not a single material,

but a hierarchical structure. Embedded in this structure are tissue-specific cells, which

produce the structural proteins. The presence of cells allows regeneration and adaptation to

changing environments. Thus, tissue cannot only be manipulated directly (intervention by

extracellular matrix), but also indirectly (intervention by cells). As a result, biomechanics

and biology cannot be investigated independently and possible interactions need to be

considered.

Bone consists of an extracellular calcified matrix, containing collagen fibres, with several

types of cells embedded in this matrix. It acts as a supportive structure for the body,

protecting vital organs, storing calcium and phosphorus, and containing marrow for

producing blood cells [3].

As shown as early as the 19th century by Julius Wolff, bone constantly adapts to its

environment and remodels after damage (fracture). The adaptation process is known as

Wolff’s law and is described in his seminal book “The Law of Bone Remodelling” (“Das

Gesetz der Transformation der Knochen”) [4]:

[T]he law of bone remodelling is the law according to which alterations of

the internal architecture clearly observed and following mathematical rules, as

well as secondary alterations of the external form of the bones following the
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12 1 Introduction

same mathematical rules, occur as a consequence of primary changes in the

shape and stressing or in the stressing of the bones.

Rephrasing this statement: Bone adapts to its mechanical environment by means of

bone resorption and formation. The term bone modelling has been used to describe the

adaptation of bone to its mechanical environment, i.e. uncoupled resorption and formation

on distinct bone surfaces. It is typically observed during growth and adaptation of skeletal

shape and size. Bone repair (or bone maintenance) involves the temporal and spatial

coupling of resorption and formation. This is referred to as bone remodelling [5, 6]. As these

processes can hardly be distinguished from each other in this thesis, the term (re)modelling

is used to refer to both modelling and remodelling.

Bone (re)modelling is directed by the interaction of osteoblasts, osteoclasts and os-

teocytes. Osteoblasts are responsible for the addition of bone tissue, while osteoclasts

act as antagonists removing bone tissue. These processes are directed by mechanically

sensitive cells known as osteocytes [7, 8]. The interaction and activity of these cell types

are sensitive to their biochemical and mechanical environment. These stimuli are coupled

with hormonal, pathological and mechanical influences [9–13]. Comprehensive insights

into bone (re)modelling are important for a better and more targeted disease treatment,

e.g. regulation of disease-causing pathways or supply of extracellular matrix material.

The precise mechanical stimuli that are sensed by cells in vivo are not yet fully understood

and are still a matter of ongoing discussions. Rosa et al. concluded that there is “strong

evidence favouring direct cell strain and interstitial fluid-flow as the most likely stimuli

for mechanosensation” [12]. Both have been extensively reported in the literature [14–20].

Additionally, it has been shown experimentally that hydrostatic pressure stimulates bone

cells [21, 22] and that the required pressure could potentially arise in lacunar pores [23].

Efforts have been made to understand the propagation and amplification from macro-

scopic to microscopic strain, the in vivo mechanical environment and how cells experience

this strain [24–26]. Poromicromechanics has been introduced to set up multiscale models,

which allow e.g. calculation of fluid flow velocity and pore pressure across multiple length

scales [23, 27–29].

Currently, the only way to study bone (re)modelling on the organ-scale is through in

vivo studies. Bone adaptations over time need to be visualised and quantified, and can

be tracked with a combination of staining and histology or using longitudinal micro-CT

scans [39]. Stains and histologies are limited because they cannot detect sites of bone

resorption, while micro-CT with sufficient resolution and registration algorithms allow

investigation of those sites. Sites of bone resorption and formation and the change of bone

micro-structure can then be directly linked to the present mechanical environment [40].

It is advantageous to alter the physiological environment in order to see adaptation,

and hence studying the influence of the mechanical environment greatly benefits from in
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1.1 Motivation 13

vivo loading. Several animal adaptation models for rodents have been established: many

of these are non-invasive models that load the rodent’s ulna or tibia [41–44]; others use

exercise as mode of loading [45, 46]. Currently, two invasive models to study vertebrae are

available [47, 48].

An advantage of direct in vivo mechanical loading are the controlled and repeatable me-

chanical forces which are applied to the bone. In contrast, in exercise studies the mechanical

environment is more difficult to quantify and less well-controlled [49]. This is important

when locally correlating a specific mechanical environment with bone (re)modelling. If the

knowledge of the mechanical environment is scarce, assumptions and simplifications need

to be made, leading to significant limitations for possible conclusions. Schulte et al. showed

that local mechanical stimuli regulate bone (re)modelling [50]. The ability to locally

predict bone (re)modelling via the mechanical environment is one of the primary goals in

bone biomechanics.

Using the aforementioned loading models, influence of loading cycles, loading frequency,

strain rate, and strain magnitude have been studied on the organ scale [42, 51–54].

Presuming a sufficient strain magnitude, frequency and bone adaptation have an inverted

U-shaped relation with a greatest bone adaptation between 5–10 Hz (cortical bone) [54–56].

A similar relation for trabecular bone was hypothesised, which was the foundation for the

study design laid out in Section 2.

Motivated by the notion that bone is a hierarchical structure and adaptations could

originate from smaller scales, the multiscale paradigm formed in the 1990s, aiming to

establish relations between micro-structural properties and processes on the macroscopic

scale [30–32]. Subsequently, more developed multiscale models were established to describe

bone tissue more precisely [27, 28, 33]. These models need to include and connect

knowledge and experimental results from the molecule-, cell-, tissue- and organ-scale.

Furthermore, multiscale models need to include and link various disciplines [34]. In bone

research, the development of such models has been a focus in recent years, to ultimately

increase the understanding of the in vivo mechanosensitive aspects and mechanisms of

bone (re)modelling.

Furthermore, the advent of computers led to the suggestion that computer simulations

may be employed in complement to experimental studies, for the sake of better-informed

inter- and extrapolation of experimental data [27, 35–38]. Computer simulations indeed

provide a cheaper, less time-consuming alternative. Simulations are able to connect

mechanisms and findings on different scales and from different disciplines. Computational

approaches allow for reasonable inter- and extrapolation of experimental results, and

minimization of parameters which have to measured. While simulation of the behaviour of

bone cannot replace experimental testing, it can be used as a complementary measure. In

this way, computer simulations help explain or quantify results obtained experimentally,
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14 1 Introduction

thereby working towards models which can predict bone adaptation in complex biochemical

and mechanical environments. Thus, both multiscale models and computer simulations

are effective counterparts to the traditional approach.

1.2 Objectives

The general objective of this thesis is to investigate the influence of static and dynamic

mechanical loading on local bone (re)modelling behaviour. This is achieved by the following,

more specific tasks:

• Establishment of an image processing and data analysis pipeline.

• Investigation of the influence of static and dynamic mechanical loading on bone

adaptation (organ-scale).

• Adaptation and application of multiscale models estimating pore pressure and fluid

flow.

• Correlation of mechanical quantities with local bone (re)modelling behaviour.
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Chapter 2

Materials and experimental methods

This thesis is based on data from an experimental campaign conducted at the Laboratory

of Bone Biomechanics, ETH Zürich, Switzerland.

2.1 Study design

All animal procedures were approved by the local authorities (Kantonales Veterinäramt

Zürich, Zurich, Switzerland). In order to ensure consistent load application onto the

sixth caudal vertebra (CV6), stainless steel pins were surgically inserted in the fifth and

seventh caudal vertebrae of N = 53 12-week-old female C57BL/6J mice (Charles River

Laboratories). After three weeks of settling, loading was applied. The mice were split into

five groups, differentiated by loading frequency. Several mice had to be excluded from the

experiment due to swollen tissue around the pins. The group sizes for the analysis in this

thesis are as follows: N = 8 for sham loading (control), N = 8 for static loading, N = 7

for dynamic loading at a frequency of 2 Hz, N = 5 for dynamic loading at a frequency of

5 Hz, and N = 8 for dynamic loading at a frequency of 10 Hz.

2.2 In vivo cyclic loading

For mechanical loading, pins were fixated in a previously developed caudal vertebral axial

compression device (CVAD), see Fig. 2.1 [48]. The proximal pin was clamped tightly

(such that subsequent movement of it was completely suppressed), while the distal pin

was connected to a load cell which applied sinusoidal or constant forces at a peak load

of 8.5 N, see Fig. 2.1(b) and 2.2. The loading frequency differed between groups: static

(1 cycle, 5 min), 2 Hz (600 cycles, 5 min), 5 Hz (1500 cycles, 5 min), 10 Hz (3000 cycles,

5 min). This loading protocol was applied three times per week for four weeks for the

loaded groups. For the control group (sham loaded), the mice were placed in the loading

device under the same anaesthesia, but no loading was applied.
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16 2 Materials and experimental methods

(a) (b)

Fig. 2.1: (a) Photograph showing the caudal vertebra axial compression device, and (b) a
fluoroscopic image of a mouse, graphically edited to show the location of the stainless
steel pins. To achieve compression of a C6 vertebra, the mechanical signal was applied
to the distal pin with the proximal pin being clamped. Reproduced from [48].

2.3 In vivo micro-computed tomography

In vivo micro-CT scans of CV6 were obtained at the start of loading for each group, and

subsequently after 1, 2, 3, and 4 weeks. In this thesis, the five measurements are labelled

“m1”-“m5”. Changes between measurements or within a week are thus labelled “m1m2”

(Week 1) ,“m2m3” (Week 2), “m3m4” (Week 3), and “m4m5“ (Week 4). The vertebrae

were scanned using high-resolution in vivo micro-CT (vivaCT 40, Scanco Medical AG,

Brüttisellen, Switzerland). The nominal isotropic voxel resolution amounted to 10.5 µm.

The scanner settings were chosen analogously to previous experiments [57], resulting in a

resolution of the scanned region of 300 × 300 × 422 voxels. Hence, the dimensions of the

corresponding micro-CT representation amounted to 3.15 × 3.15 × 4.43 mm.
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2.3 In vivo micro-computed tomography 17

(a) (b)

(c) (d)

Fig. 2.2: Graphs showing the loading protocols of the analysed experimental campaign.
(a) Static loading applied to murine vertebrae. (b) 2 Hz (c) 5 Hz (d) 10 Hz sinu-
soidal loading applied to murine vertebrae.
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Chapter 3

Image processing

Micro-computed tomography (micro-CT) provides access to a three-dimensional field

of Hounsfield units (directly interpretable as attenuation coefficients) throughout the

scanned area. This (raw) data is usually compromised by noise, interference, artefacts, and

misalignments [58]. In order to effectively exploit this data, e.g. in terms of a Finite Element

(FE) analysis, a number of processing steps must be carried out. At the Laboratory of Bone

Biomechanics an in-house script (OpenVMS/IPL) is used for that purpose. One of the

aims of this thesis was to establish an image processing pipeline by using the programming

language Python.

3.1 Process modalities

In the following, the names of specific openVMS/IPL in-house scripts and functions are

explicitly mentioned for the sake of reproducibility, and to simplify future extensions and

adaptations of the here-presented work at the Laboratory of Bone Biomechanics, ETH

Zürich. The eventually produced Python-code is documented in the following internal

repository:

ifb_framework\projects\vertebrae_data_analysis (30.01.2019)

Processing steps

In order to facilitate the equivalence between the new Python and the original open-

VMS/IPL pipeline, the original image processing steps needed to be evaluated. If not

explicitly noted otherwise, all necessary information on those steps can be found in the

script XIPL_EVAL_MEAS1.COM and the logs of already processed images. These resources

were used to evaluate the original pipeline. The steps of the pipeline to be newly established

are chosen according to the original pipeline.

Stack misalignment correction

Due to the size of the vertebrae, the scans were subdivided into two stacks by the

scanner. That is, the imaged vertebrae were split in half normal to the longitudinal axis

https://www.tuwien.at/bibliothek
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20 3 Image processing

of the spine. Between those two partial scans, the mouse holder on which the mice were

placed during scanning was repositioned. This repositioning may cause translational or

rotational displacements between the two image stacks, e.g. if the clamping of the tail was

not sufficient. Therefore, a stack misalignment correction needed to be implemented.

The original stack misalignment correction registers the first slice of the second stack to

the last slice of the first stack (script: XIPL_EVAL_CORST.COM, command: /correct_stacks).

All other slices of the second stack are displaced and rotated accordingly. The stack mis-

alignment correction only corrects three degrees of freedom, i.e. the two displacements

within the transverse plane and one rotation around the longitudinal axis of the vertebrae.

The other three degrees of freedom are neglected by the function. While displacements and

rotations within the neglected degrees of freedom can and do indeed occur, scrutinizing

this approach goes beyond the scope of this thesis. Notably, the number of overlapping

slices varied between scans.

Gaussian filtering

In general, Gaussian filtering or Gaussian blur is obtained by convoluting an image with a

kernel of Gaussian values [59]. 3D filtering is achieved by three orthogonal 1D convolutions.

The input parameters need to be chosen according to the required filtering effect. A low-pass

filter is used in order to reduce high-frequency noise without blurring the image and edges

too much [40]. The key parameters are the size of the discrete Gaussian kernel (window)

and the standard deviation (σ). In this work, the parameters are chosen analogously to

previous studies: σ = 1.2 and a support of one voxel (window size = 3 × 1 × 1) [50, 57,

60–62]

Segmentation

For translating CT data into a clear, unambiguous model representation of the scanned

object, thresholding-based segmentation is standardly carried out. Thresholding involves

using a certain grey level threshold in order to separate the object into foreground (object

of interest) and background voxels [63]. Thereby, the mode of thresholding depends on

the specific goals and intended application of the respective study.

In the present case, two different thresholding modes were implemented. Firstly, a binary

model representation is obtained from the CT-derived field of grey values, where a specific

global threshold is chosen. All voxels exhibiting a grey value below the threshold are

considered to be background voxels, whereas all voxels exhibiting a grey value larger than

the threshold are considered to be foreground voxels, representing bone. Notably, when

considering a binary model representation, the exact grey value of voxels with grey values

above the threshold is disregarded. The second thresholding mode considered in this work

actually takes into account the variability of grey values in the foreground voxels. This
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3.1 Process modalities 21

allows for assigning, in further consequence, a heterogeneous distribution of mechanical

properties (due to a varying degree of mineralization between the voxels) to the object.

As explained above, a single global threshold is used for all vertebrae, requiring only

one single parameter for segmentation (which renders this method also computationally

efficient). However, a few problems may be encountered when using a single global threshold,

concerning the accuracy and the difficulty in distinguishing between different types of bone

(i.e., cortical and trabecular bone) [40, 64]. Trabeculae with low mineralization can be lost

or appear unrealistically thin. Lowering the global threshold would, however, result in

an overestimation of bone volume. More complicated alternatives are ruled out for this

application because they lack superiority over simpler methods. The focus of this thesis is

on the formation and resorption changes within one vertebra over time. Hence, a fixed

global threshold allows longitudinal, site-specific comparisons between scans.

In particular argued by Bouxsein et al. [40], “there is no consensus on a threshold

that should be used for all studies, and extreme care must be taken when selecting a

threshold...” [40]. Furthermore, “the methods for selecting this [global] threshold are not

consistent between research groups, and are not always clearly communicated...” [65]. The

value for a global threshold is selected either qualitatively (requiring a substantial amount

of experience in this respect), by analysing the histogram of CT data, or by forcing the

resulting binary data set to have the same volume as the original bone sample (Archimedes’

principle) [65, 66]. Clearly, basing the choice of the threshold on the grey-level histograms

creates a sensitivity of the subsequent analysis not only on the absolute value of the

threshold, but also on the region, or number of samples considered in the histogram [67,

68]. Nevertheless, the first of the two strategies described above, that is the histogram-

based application, was utilized in the present investigation, and the threshold is chosen such

that slight variations of it did not result in significant variations of the results presented

later in this thesis. In particular, the openVMS pipeline uses a threshold of 580 mg/cm3

for all animals and measurements. In order to ensure best-possible comparability between

the openVMS/IPL pipeline and the new pipeline developed in the here-presented work,

the same threshold is considered.

Furthermore, an upper threshold for the grey-scale field is used to account for grey

value outliers. Histograms are created which included all grey values between the global

threshold (i.e. 580 mg/cm3) and the maximum value of the Gaussian-filtered image. The

mean of the 95% percentiles of these histograms is reported as the maximum bone mineral

density (BMD) [69].

Registration

Each mouse was scanned multiple times. For the calculation of bone resorption and

formation, images of the same mouse need to be superimposable. This is achieved by

image registration. To allow the correct application of normal force in the FE analysis,
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22 3 Image processing

without adjusting the angle of force application, the longitudinal axis of the first scan is

aligned to the corresponding z-axis of the image.

In the original openVMS image pipeline, the alignment is done automatically. The

middle 20% of the Gaussian filtered, largest-component extracted first scan are used

to align “the long axis (line of [minimum] moment of inertia)” with the z-axis. This

algorithm is sequentially applied three times in total. The original, unfiltered image is

then registered to the three times aligned image (XIPL_EVAL_MEAS1.COM). In the new

Python pipeline, the alignment is executed with a principal component analysis (PCA).

Voxels with a value smaller than 580 mg/cm3 are ignored when computing the PCA. The

grey-value information is used as weights. The first eigenvector (1st principal component)

corresponds to the longitudinal axis of the vertebra. The whole vertebra is rotated so that

the first eigenvector and the z-axis of the image are parallel. Frontal and sagittal axes are

already aligned from the scanning and pre-processing in openVMS/IPL. The alignment

with PCA is non-iterative and automatable, and the aligned image is used as the baseline

image for the registration.

Subsequently, the first follow-up scan is registered to the baseline image. Instead of

registering the second follow-up image to the baseline image, it is registered to the first

follow-up and so forth. This improves accuracy when big morphometric changes are

expected (e.g. disease, growth) [62]. The registration mask is the location of the reference

and the unregistered vertebra, which lay closely together. The emerging gaps in the mask

are closed with multiple dilation operations.

The registration in Python is executed by a modified Levenberg-Marquardt algorithm,

with a non-linear least squares problem as an optimization criterion [70]. A pyramid method

is used to downscale the image resolution depending on a pyramid level. Registration

started on the highest level, which has the lowest resolution. The pyramid level is

subsequently lowered, finally leading to a great decrease in optimization time. The results

of the registration are the six parameters for a rigid transformation (three for rotation,

three for translation).

Furthermore, efforts are made to overcome the limitations of the stack misalignment

correction function. The two stacks/halves of the vertebrae are registered separately to

their baseline images. After the registration, the two halves are put together and all six

degrees of freedom are considered as possible error sources.

Material properties

The information about the Young’s modulus is included in the processed images. A

more detailed discussion on the selected values and presumed mechanical behaviour of

bone can be found in Section 5.1. For the binary images, E = 14.8 GPa is chosen for

all bone voxels [48]. The Young’s modulus of the grey-scale image is calculated from its

BMD [71]
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3.2 Results 23

E [GPa] = 0.025 · BMD [mg/cm3] − 5.83 (3.1)

Largest connected component

The images did not only contain information about the C6 vertebra, but also artefacts

of the C5/C7 vertebrae. Connected-component labelling is used to establish the number

and size of connected components. A 6-neighbour topology is used, where connected

components had to share a face and each connected component gets labelled. The largest

connected component is derived from the highest number of label occurrences. The chosen

volume of interest (VOI) almost solely contains the vertebrae. Therefore, the largest

connected component is classified as the vertebra. All other connected components are

removed.

3.2 Results

Processing steps

Fig. 3.1 compares the original openVMS/IPL and the new Python pipeline. The only

difference is that for practical reasons the order of registration and Gaussian filtering is

interchanged. This interchange does not affect the results [72].

Equivalence cannot be evaluated solely by comparing the resulting images. The same

image processing steps are executed by different functions. The introduction of an error

cannot be excluded, therefore a stepwise comparison is necessary. If not stated otherwise,

the steps are identical and generate the same image output.

openVMS pre-processing

The new Python pipeline is still dependent on openVMS/IPL, see Fig. 3.1(b). The

scanners were operated with openVMS. The selection of the VOI is done with a function

within openVMS. While the function for the stack misalignment correction only exists in

openVMS, it can be called from Python, which saves an additional pre-processing step.

Stack misalignment correction

The outcome of the stack misalignment correction function can be shown best with

an example. In Fig. 3.2(a) a translation between the halves of the vertebrae is visible.

The magnitude of the misalignment can vary between scans from large to small or even

non-existent (or, at least, negligible). The stack misalignment correction corrects the jump

between the two stacks, see Fig. 3.2(b). The critical slice is fixated and is not changed

between scans. This requires a precise choice and some pre-existing knowledge on the VOI.
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24 3 Image processing

(a)

In vivo microCT

Volume of interest

manually

Stack misalignment  
correction 

Registration 

first image: align  
automatically

 others: on previous image

Bounding box 

Discs 

Result 

Binary image 

Threshold

Gaussian filter 

Largest connected
component 

(b)
  Pre-processing in openVMS

In vivo microCT

Volume of interest

manually

Stack misalignment  
correction 

Registration 

first image: align with PCA

others: on previous image

Bounding box 

Discs 

Result 

Binary or greyscale image 

Threshold 

Binary or greyscale image 

Gaussian Filter 

Largest connected
component 

Fig. 3.1: Structure of the image processing pipelines in (a) openVMS/IPL and (b) Python.

(a) (b)

Fig. 3.2: Image of vertebra (a) before stack misalignment correction and (b) after misalignment
correction.

Gaussian filtering

As expected, Gaussian filtering enables the reduction of noise without blurring the edges

too much, see Fig. 3.3. The image is smoothed by reducing the peak values. The filtering

is harder to see on smaller images, but becomes clearer when increasing the resolution.

The result of the Gaussian filtering in Python is slightly different from the one in

openVMS/IPL. Although the images look similar, single voxels within the bone matrix

differ. These voxels are thresholded as bone in Python, but not in openVMS. A possible

explanation can be that the Gaussian filter in openVMS/IPL may be applied to the original
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3.2 Results 25

scanner values and not the density values, which are calculated from the scanner values.

Another reason can be rounding differences. The 3D filtering is executed by a sequence of

one-dimensional convolution filters, from which only intermediate arrays are stored. The

results may be imprecise because intermediate results are stored with insufficient precision.

Even more differences occur when the Gaussian filter is applied to an array which is of

float and not integer format.

The number of voxels for which this problem occurs is limited. From about 4 × 106

bone voxels, less than a thousand (1 × 103) are labelled differently. This difference should

not have any influence on the results and is therefore neglected.

(a) (b)

Fig. 3.3: Image of vertebra (a) before Gaussian filtering and (b) after Gaussian filtering.

Segmentation

The maximum BMD is established as 1182 mg/cm3. Lower and upper global threshold

for the grey-scale image are chosen as 580 and 1180 mg/cm3. The values between the

thresholds are assigned to classes with a bin width of 25 mg/cm3. The results of the

thresholding are shown in Fig. 3.4.

Registration

The automatic openVMS/IPL and Python alignment to the z-axis need to be compared.

This is done by realigning the images aligned in openVMS/IPL by the PCA algorithm.

The angles of the realignment are shown in Fig. 3.5. After the alignment, x- and y-axes

lie in the transverse plane of the vertebrae. The x-axis is the frontal axis and the y-axis is

the sagittal axes. The values are bimodally distributed, around zero, quite small and there

is no bias for certain angles. The quality of the different alignment algorithms cannot be

quantified.
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26 3 Image processing

(a) (b)

Fig. 3.4: Thresholded vertebra images (a) grey-scale image, lower threshold = 580 mg/cm3,
upper threshold = 1180 mg/cm3, bin width = 25 mg/cm3 and (b) binary image,
threshold = 580 mg/cm3.

When applying the new Python pipeline, some images—although registered correctly—

show the tendency that a whole surface is labelled as bone resorption (violet) or formation

(orange), see Fig. 3.6(a). This probably occurs due to the translational and rotational

displacement between the two vertebra stacks. As this error is image-specific, similar

errors are found in images processed with the original openVMS/IPL pipeline.

In some cases, the Python registration converges towards a visually inadequate solution,

i.e. the images are not superimposed correctly. For these images, an additional step is

added. Firstly, the largest connected component of the grey-scale, thresholded image is

registered, which results in the six preliminary parameters for the rigid transformation.

The direct application of these preliminary parameters to the actual image can lead to

errors [72]. Therefore, the preliminary parameters are used as an initial guess for the

registration of the actual, Gaussian-filtered image. After adding this additional step, all

images converge towards a visually adequate solution. The method is verified with images

which converge in both cases. Adding this registration step decreases the total amount

of time needed for every image. It is therefore implemented in the new Python image

processing pipeline.

The same procedure is used when registering the two halves separately. The result can

be seen in Fig. 3.6. Visually, the registrations look similar. The problem that a whole

surface is labelled as resorption (violet) or formation (orange) cannot be fully solved, see

Fig. 3.6(b). In some cases, this way of registering causes a small gap between the two
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Fig. 3.5: Rotation angles between automatic openVMS/IPL and Python alignment of vertebrae.
Histograms contain information about rotation angles around (a) the x-axis and
(b) the y-axis. (After the alignment, x- and y-axes span the transverse plane of the
vertebrae.)

halves of the vertebra. The gap is closed with a 1D maximum filter along the longitudinal

axis (z-axis), kernel size = 5 × 1 × 1. In other cases the vertebra visibly grew within week

m1m2, which is not possible to evaluate registering the two stacks separately. Whether

this registration method makes a difference to further analysis or not cannot be established

visually. Further analysis of this issue is conducted and described in Section 5.2.

Largest connected component

Artefacts from neighbouring vertebrae or other objects which are not part of the vertebra

are successfully removed.

Bounding box and discs

In the last image processing step, the bounding box is cut and discs are added to the

vertebra. The borders lie on the outermost voxel(s) in the z-direction. On both ends of
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28 3 Image processing

(a) (b)

Fig. 3.6: Example of registration solution (a) registering the whole vertebra, and (b) registering
the two halves separately.

the vertebra, 30 disc voxels are added in the z-direction. The number of bounding box

voxels in the x- and y-direction are variable. The FE analyses for some images do not

converge for a certain number of bounding box voxels. Therefore, the images need to be

recreated with a different number of bounding box voxels. After several recreations every

FE analysis converges. The Young’s modulus of the discs is selected at E = 14.8 GPa.

Further discussion on this choice can be found in Section 5.1. Fig. 3.7 displays an example

of the resultant binary and grey-scale image. The images are now ready for the FE analysis.

(a) (b)

Fig. 3.7: Vertebra image processing results for Finite Element analysis (a) grey-scale image and
(b) binary image.
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Chapter 4

Frequency dependency of bone

adaptation

4.1 Image data analysis methods

In the following, the names of specific openVMS/IPL in-house scripts and functions are

explicitly mentioned for the sake of reproducibility, and to simplify future extensions and

adaptations of the here-presented work at the Laboratory of Bone Biomechanics, ETH

Zürich. The eventually produced Python-code is documented in the following internal

repository:

ifb_framework\projects\vertebrae_data_analysis (30.01.2019)

Bone formation and resorption

Image registration allows for direct comparison of voxels in order to detect areas of

bone formation and resorption. Resorption voxels are voxels which are labelled as bone

in measurement mn and background in measurement mn+1. Formation voxels are voxels

which are labelled as background in measurement mn and bone in measurement mn+1.

Quiescent voxels are voxels which are labelled as bone in measurement mn and mn+1.

Bone regions

Owing to the diverse structures of trabecular and cortical bone, the mechanisms of bone

adaptation might differ, and as a result they should not be analysed together. Additionally,

different bone morphometric parameters are analysed when assessing the bone micro-

structure [40]. Mask images are created to cover the VOIs. In a mask image, voxels which

belong to the VOI are set to 1 or “True” and voxels outside the VOI are set to 0 or “False”.

The VOIs are chosen according to [60]. The bone adaptation mechanisms close to the

growth plates are not well understood, most likely differ from other bone regions, and

are therefore eliminated from the mask images. The mask images generated allow for

independent analyses of trabecular and cortical bone at the same time.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

30 4 Frequency dependency of bone adaptation

The mask images for cortical and trabecular bone regions are originally created using

openVMS/IPL (XIPL_EVAL_MVER.COM). The code from the original script

(XIPL_EVAL_OVMSK.COM, XIPL_EVAL_IVMSK.COM, XIPL_EVAL_CVMSK.COM) is ported to

Python. Original and new mask images are compared visually.

Bone morphometric parameters

Several parameters are considered for describing trabecular bone architecture and cortical

bone morphology [40]. They provide quantitative snapshots of the current state and are

calculated for each measurement “m1”-“m5”. The parameters for trabecular bone are

calculated using an evaluation function from openVMS/IPL (/tri). The images used for

the parameter calculation are Gaussian filtered and segmented (see Section 3 for details).

Additionally, the largest connected component is extracted. The parameters used to

describe trabecular bone are:

• Bone volume (BV) present in VOI

• Total volume (TV) of the VOI

• Ratio of bone volume to total volume (BV/TV)

For cortical bone the parameters are:

• Cortical bone area (Ct.Ar)—average of cortical bone area per transversal slice (within

the VOI)

• Total cross-sectional area inside the periosteal envelope (Tt.Ar)—average along the

longitudinal axis (within the VOI)

• Cortical area fraction (Ct.Ar/Tt.Ar)

• Average cortical thickness (Ct.Th)

There is no standardised way to calculate the mean Ct.Th. In this work, it is done by

packing the largest possible spheres in the cortical bone. Every bone voxel is assigned

the diameter of the largest sphere covering it. The average of all voxels in the cortical

bone region is considered the mean Ct.Th, which might be an overestimation, however, as

larger spheres contain more bone voxels and are therefore weighted higher.

Bone dynamic morphometric parameters

The dynamic morphometric parameters quantify the bone adaptations which occur

within a week/ between two measurements and are thus labelled “m1m2”-“m4m5”. The idea

of dynamic histomorphometric parameters is adapted to micro-CT scans [73]. The same

dynamic parameters are calculated only for the trabecular bone region. The calculations

only include changes within the specific VOI. The dynamic morphometric parameters are:
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4.2 Results 31

• Bone formation rate (BFR)—ratio of formed bone volume to baseline (mn) bone

volume per time interval.

• Bone resorption rate (BRR)—ratio of resorbed bone volume to baseline (mn) bone

volume per time interval.

• Mineralising surface (MS)—ratio of mineralising surface to bone surface. (When

evaluating the surface of the formation volume, the type of neighbouring voxel is

neglected. The absolute value of the mineralising surface is calculated by dividing

the surface of the formation volume in half.)

• Eroded surface (ES)—ratio of eroded surface to bone surface. (When evaluating

the surface of the resorption volume, the type of neighbouring voxel is neglected.

The absolute value of the eroded surface is calculated by dividing the surface of the

resorption volume in half.)

• Mineral apposition rate (MAR)—average distance between baseline (mn) and follow-

up (mn+1) bone surface per time interval in regions of bone formation.

• Mineral resorption rate (MRR)—average distance between baseline (mn) and follow-

up (mn+1) bone surface per time interval in regions of bone resorption.

Statistical analysis

The effects of time and loading regime on the bone structural parameters and dynamic

bone parameters are determined through a linear mixed model. The between-subjects

effect is the loading regime (no loading, static loading, dynamic loading with 2 Hz, 5 Hz,

10 Hz), while the within-subjects effects are time and time-group interactions. The subject

ID is included as a random effect. If a significant time or group effect is observed, a post

hoc analysis is conducted. This is done by pairwise comparisons among means using

Tukey’s HSD (honestly significant difference) test. Probability values (p-values) below 0.05

are considered statistically significant. Statistical analysis is performed with the software

package R (R, Vienna, Austria).

4.2 Results

Bone regions

Although the code from the original script is translated line by line to Python, the

achieved mask images are very similar but not identical. One reason for this disparity might

be the lack of detailed information provided by openVMS/IPL. As it is a closed-source

software, it is not possible to investigate the functions in detail, so small discrepancies

between the used functions may exist.
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32 4 Frequency dependency of bone adaptation

The Python-created mask images visually cover the VOIs and are consistent over

longitudinal measurements, see Fig. 4.1. The consistency is important for later ratio

calculations. The Python-created mask images are therefore eligible to use for further

calculations.

(a) (b)

Fig. 4.1: Example of mask images (blue) of the (a) trabecular bone region and (b) cortical
bone region.

Bone morphometric parameters—trabecular bone

The data containing the bone morphometric parameters in trabecular bone are provided

in Supplementary Data S1.

Fig. 4.2(a) shows the change of the ratio of bone volume to total volume (BV/TV) over

time, relative to BV/TV of the first measurement (m1). The dynamic-loading groups

(2 Hz, 5 Hz, 10 Hz) experience a significant increase of BV/TV over time (p < 0.001 for m4

and m5 compared to m1). Notably, 5 Hz and 10 Hz already have a significant difference

to its baseline (m1) at an earlier point in time (m3) (p < 0.05). The BV/TV of the

sham-loading/control (CONT) and the static-loading (STAT) groups, on the other hand,

does not change significantly over time. At the last measurement (m5), the 2 Hz, 5 Hz,

and 10 Hz groups have a significantly higher adaptation than the CONT and STAT groups

(p < 0.001), see Fig. 4.2(b). Although there is no significant difference between the CONT

and STAT groups at m5, there is a slight tendency for a greater decrease in BV/TV for

STAT. This hints towards the notion that static loading causes bone loss. Furthermore,

no significant difference among the dynamic-loading groups can be seen. In Fig. 4.2(c),

the relative change of the static- and dynamic-loading groups for m5 is plotted over the

loading frequency, with STAT being plotted at 0.12 Hz to simplify the calculation of the

non-linear regression line. Performing a regression analysis suggests a logarithmic bone

adaptation response to loading frequency.
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Fig. 4.2: Bone morphometric parameters in trabecular bone. (a) Relative change of ratio
of bone volume to total volume (BV/TV) in trabecular bone for all measurements
(Level of significance displayed for difference between m1 and mn within the group.)
(b) Relative change of BV/TV at measurement m5 (c) Logarithmic regression line
fitted to the relative change of BV/TV at measurement m5—(Levels of significance: ∗

relates to p < 0.05, ∗∗ relates to p < 0.01, and ∗∗∗ relates to p < 0.001).
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34 4 Frequency dependency of bone adaptation

Bone dynamic morphometric parameters—trabecular bone

The data containing the bone dynamic morphometric parameters in trabecular bone

are provided in Supplementary Data S2.

The values for the dynamic parameters correspond to the adaptations seen in the

morphometric parameters. The only value which is excluded from the following analysis

is 10 Hz, Mouse 6, week m1m2. In this case, the dynamic parameters do not match the

observed bone volume adaptations.

For the CONT, STAT, 2 Hz, and 5 Hz groups, the bone formation rate (BFR) does not

change significantly over time, see Fig. 4.3(a). Only 10 Hz causes a significant decrease of

BFR in week m4m5 (p < 0.01, compared to the other groups). While the 10 Hz group

seems to have a greater BFR in week m1m2, m2m3 and m3m4 than all other groups, this

difference is not significant. The decrease of BFR in the last week suggests that most

mice subjected to excitation at 10 Hz were already partially adapted to the present stimuli

at m4, see Fig. 4.2(a). The bone resorption rate (BRR) does not change significantly

over time, see Fig. 4.3(b). The BRR of the dynamic-loading groups is significantly lower

than the BRR in the CONT and STAT groups (p < 0.01), indicating that dynamic

loading has a strong influence on the BRR. There was no significant difference between

the dynamic-loading groups.

Fig. 4.3(c) displays the difference between BFR and BRR (BFR-BRR), which can be

described as net bone adaptation rate. BFR-BRR indicates whether there was overall

bone gain or loss within the VOI. BFR-BRR does not change significantly over time in

week m1m2, m2m3, and m3m4, see Fig. 4.3(c). Only in the 10 Hz group the decrease from

m3m4 to m4m5 is significant (p < 0.05), which may be caused by the partial adaptations

of the mice. Therefore, weeks m1m2, m2m3, and m3m4 are combined and fitted with a

logarithmic regression line, see Fig. 4.3(d). There is a significant difference in BFR-BRR

between the dynamic-loading groups and the other groups (CONT and STAT) (p < 0.01),

as well as between the 2 Hz and the 10 Hz groups (p < 0.05). No significant difference

between the 5 Hz and the other two dynamic-loading groups can be seen. The fitted

regression line indicates that the net bone adaptation rate has a logarithmic dependency

of loading frequency.

For mineral apposition rate (MAR) and mineral resorption rate (MRR), no time

dependency can be seen, therefore all weeks are combined, see Fig. 4.4. There is no

significant difference between the groups in MAR and MRR, see Fig. 4.4(a) and (b). This

suggests that there is no influence of loading on MAR and MRR.

The mineralising surface (MS) can be interpreted as the amount of osteoblasts which were

recruited, while the MAR describes how active single osteoblast units were. Similarly, the

eroded surface (ES) quantifies the amount of suppressed osteoclasts, while MRR indicates

the activity of single osteoclast units. For MS and ES, no time dependency can be seen,
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Fig. 4.3: Bone dynamic morphometric parameters in trabecular bone. (a) Bone formation
rate (BFR) for all weeks (b) Bone resorption rate (BRR) for all weeks (c) Bone net
adaptation rate (BFR-BRR) for all weeks (d) Combined BFR-BRR from measure-
ments m1m2, m2m3 and m3m4, fitted with a logarithmic regression line—(Levels of
significance: ∗ relates to p < 0.05, ∗∗ relates to p < 0.01, and ∗∗∗ relates to p < 0.001)).

therefore all weeks are combined, see Fig. 4.5. There is a significant difference between

the MS of the dynamic-loading and the other groups (CONT and STAT) (p < 0.01),

see Fig. 4.5(a). While no significant difference within the dynamic-loading groups or
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Fig. 4.4: Bone dynamic morphometric parameters in trabecular bone. (a) Mineral apposition
rate (MAR) combined from all measurements (b) Mineral resorption rate (MRR)
combined from all measurements (Levels of significance: ∗ relates to p < 0.05, ∗∗

relates to p < 0.01, and ∗∗∗ relates to p < 0.001).

between the CONT and STAT groups can be found. For the ES, this observation is very

similar, see Fig. 4.5(b), with a significant difference between the dynamic-loading and

the other groups (CONT and STAT) (p < 0.001). Again, no significant difference within

the dynamic-loading groups or between the CONT and STAT groups can be seen. This

information suggests an influence of dynamic loading on mineralising and eroded surface.

For further investigation the net active surface (MS-ES) is calculated and fitted with a

logarithmic regression line. The logarithmic dependency on frequency is not as clear as

with other parameters.

Possible correlations between the bone dynamic morphometric parameters are investi-

gated with scatter plots and regression lines, see Fig. 4.6. There is no correlation between

BFR-BRR and MAR or MRR present, see Fig. 4.6(a) and (b). However, a clear correlation

between BFR-BRR and MS-ES is found, see Fig. 4.6(c). This correlation indicates that

an increase in bone volume was driven by an increase in mineralising and decrease of

eroded surface, rather than an increase of mineral apposition rate or decrease of mineral

resorption rate.
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Fig. 4.5: Bone dynamic morphometric parameters in trabecular bone. (a) Mineralising surface
(MS) combined from all measurements (b) Eroded surface (MS) combined from all
measurements (c) Net active surface (MS-ES) combined from all measurements fitted
with a logarithmic regression line (Levels of significance: ∗ relates to p < 0.05, ∗∗

relates to p < 0.01, and ∗∗∗ relates to p < 0.001).
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38 4 Frequency dependency of bone adaptation

(a) (b)

(c)

Fig. 4.6: Linear regression of bone dynamic morphometric parameters in trabecular bone.
(a) Linear regression between net bone adaptation rate (BFR-BRR) and mineral
apposition rate (MAR) (b) Linear regression between net bone adaptation rate (BFR-
BRR) and mineral resorption rate (MRR) (c) Linear regression between net bone
adaptation rate (BFR-BRR) and net active surface (MS-ES).
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Bone morphometric parameters—cortical bone

The data containing the bone morphometric parameters in cortical bone is displayed

in Supplementary Data S3. The calculated dynamic morphometric parameters do not

appear to be correct, as the data contained severe inconsistencies. Some of the dynamic

morphometric parameters require surface analyses. A possible explanation may be the

registration problems described in Section 3.2, where a whole surface of a vertebra is

labelled as formation or resorption. This problem cannot be solved with computational

methods. Other possible sources of error could not be ruled out. Therefore, this data was

not analysed.

The change in cortical area fraction (Ct.Ar/Tt.Ar) over time is displayed in Fig. 4.7(a).

Again, no significant change within the sham-loading (CONT) and static-loading (STAT)

groups over time can be seen. The increase of Ct.Ar/Tt.Ar in the dynamic-loading groups

is significant from measurement m3 onwards (p < 0.001, exception 2 Hz-m3 p < 0.05). In

every measurement, the 5 Hz group shows a tendency for greater adaptation compared

to the 10 Hz group. The greater adaptation of the 5 Hz group is also present at m5,

see Fig. 4.7(b). Whether this is a result of the small number of samples (N = 5), one

high responder in the 5 Hz group, lower baseline parameter values at m1, or a different

response to frequency in cortical bone, cannot be established at this point. In general,

the dynamic-loading groups have a significantly higher increase of Ct.Ar/Tt.Ar at m5

compared to the CONT and STAT groups (p < 0.05). The fitted logarithmic regression

line, see Fig. 4.7(c), does not reveal the same dependency as in BV/TV. However, the

absence of the high responder in the 5 Hz group would lead to a better fit and the mean

being much closer to the actual regression line.

A similar pattern can also be seen for the change of average cortical thickness (Ct.Th)

over time, see Fig. 4.8(a). The increase of Ct.Th in the dynamic-loading groups is significant

from measurement m2 onwards (p < 0.001). Although a slight increase within the CONT

and STAT groups can be seen, this is not significant. The adaptation is again greater

in the 5 Hz group compared to the 10 Hz group, see Fig. 4.8(b). The high response of

one mouse is still present, but closer to the other data points. A logarithmic relation is

not investigated for the cortical thickness parameter because of the way it is calculated.

Fig. 4.8(b) and 4.7(b) suggest that the frequency dependency of bone adaptation in cortical

bone is different to trabecular bone.
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40 4 Frequency dependency of bone adaptation
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Fig. 4.7: Bone morphometric parameters in cortical bone. (a) Relative change of cortical area
fraction (Ct.Ar/Tt.Ar) in cortical bone for all measurements (Level of significance
displayed for differences between m1 and mn within the group.) (b) Relative change
of Ct.Ar/Tt.Ar at measurement m5 (c) Logarithmic regression line fitted to the
relative change of Ct.Ar/Tt.Ar at measurement m5—(Levels of significance: ∗ relates
to p < 0.05, ∗∗ relates to p < 0.01, and ∗∗∗ relates to p < 0.001).
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Fig. 4.8: Bone morphometric parameters in cortical bone. (a) Relative change of cortical
thickness (Ct.Th) in cortical bone for all measurements (Level of significance displayed
for difference between m1 and mn within the group.) (b) Relative change of Ct.Th at
measurement m5—(Levels of significance: ∗ relates to p < 0.05, ∗∗ relates to p < 0.01,
and ∗∗∗ relates to p < 0.001).
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Chapter 5

Correlation of strain energy density and

its gradient with local bone

(re)modelling behaviour

5.1 Theoretical concepts

In the following, the names of specific openVMS/IPL in-house scripts and functions are

explicitly mentioned for the sake of reproducibility, and to simplify future extensions and

adaptations of the here-presented work at the Laboratory of Bone Biomechanics, ETH

Zürich. The eventually produced Python-code is documented in the following internal

repository:

ifb_framework\projects\vertebrae_data_analysis (30.01.2019)

Finite Element analyses

3D micro-Finite Element (FE) models are created by converting all voxels of the image

into eight-node hexahedral finite elements, with the resulting computational mouse models

consisting of approximately 1.8 to 2.3 million elements. As for the mechanical properties

assigned to the finite elements, two approaches are pursued. On the one hand, all finite

elements are considered to exhibit the same mechanical properties: a Young’s modulus

of E = 14.8 GPa and a Poisson’s ratio of ν = 0.3 are assigned to the bone tissue [48].

To model the intervertebral discs, additional voxels are added to the proximal and distal

ends of the vertebra. This also prevents unrealistically high strains in a few nodes of the

FE mesh. The discs have a circular cross-sectional area of 1.7 mm2 and a height of up to

10% of the full vertebral length, i.e. 30 voxels. In order to avoid convergence problems of

the FE solver, the voxels representing the intervertebral discs are considered to exhibit

the same material properties as bone, i.e. a Young’s modulus of E = 14.8 GPa and a

Poisson’s ratio of ν = 0.3. The voxels representing the background (representing the space

around the studied bone organ) are set to a Young’s modulus of E = 3 MPa. This way,
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44 5 Correlation of SED (gradient) with bone (re)modelling

the background is considered to be substantially less stiff than the bone organ without

compromising the results—assigning zero-stiffness to these voxels was not accepted by the

FE solver used in this work.

Optionally the FE analyses are performed using variable Young’s moduli estimated

according to Eq. (3.1). The goal of this approach is to take into account the voxel-specific

density-dependence of the Young’s modulus [71, 74].

The bone is assumed to exhibit linear elastic material behaviour, which allows for static

loading in the FE analysis [75]. A deformation of 1% of the length in the z-direction

(longitudinal axis) is applied. The results are then rescaled to an applied force of 8 N for the

dynamic- and static-loading groups and 4 N (physiological loading) for the sham-loading

(control) group [76]. Displacement-controlled FE analyses are preferred, because the input

dataset for the FE solver specifies the displacement or load for every node separately [77].

As the nodal forces and displacements cannot be estimated beforehand, the applied uniform

displacement leads to a more realistic pressure distribution at proximal and distal surface

voxels.

The FE model is solved using ParOSol, a micro-FE solver [77]. The calculations took

10 to 15 minutes on a standard desktop computer (Intel(R) Core(TM) i7-7700 @ 3.60GHz,

4 cores, 8 logical cores; 16GB RAM).

Mechanical environment

Although heavily debated for decades, direct deformation and interstitial fluid flow are

the mechanical stimuli which are often hypothesised to drive mechanical load-induced

adaptation of bone tissue [12]. In order to work with a scalar measure adequately

representing the deformation, strain energy densities (SED) is computed. Fluid flow is

approximated based on the spatial gradient of the SED, following the assumption that

spatial differences in tissue deformation will induce fluid flow [78]. The spatial gradient in

the x-direction is calculated as:

∂fi,j,k

∂x
=

fi+1,j,k − fi−1,j,k

2a
for voxel 1 < i < Nx (5.1)

where fi is the SED of a voxel at x-position i, Nx the number of voxels in the x-direction,

and a the nominal resolution. The gradients in the y- and z-direction are calculated

correspondingly (with 1 < j < Ny and 1 < k < Nz). The norm of the gradient vector

(∇SED) is used as quantity for the fluid flow:

∇SEDi,j,k =

√

√

√

√

(

∂fi,j,k

∂x

)2

+

(

∂fi,j,k

∂y

)2

+

(

∂fi,j,k

∂z

)2

(5.2)

This formulation was used in previous studies to estimate fluid flow [79].
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5.1 Theoretical concepts 45

Bone formation and resorption

As mentioned above, image registration allows for a direct comparison of voxels in

order to detect areas of bone formation and resorption. Resorption voxels are voxels

which are labelled as bone in measurement mn and background in measurement mn+1.

Formation voxels are voxels which are labelled as background in measurement mn and

bone in measurement mn+1. Quiescent voxels are voxels which are labelled as bone in

measurement mn and mn+1.

Analysis of local mechanical environment

To investigate and quantify the relationship between local SED distribution and cellular

activity on the bone surface, the bone formation, quiescence, and resorption sites need

to be identified [50]. The surface classification method is ported from openVMS/IPL to

Python.

The classification in openVMS/IPL is done by adding the images of measurements

mn and mn+1. The voxels in those images contain classification values (mn: bone =

1, background = 0 and mn+1: bone = 2, background = 0). This results in an image

with four possible classification values and adaptation behaviours (0 = background, 1 =

resorption, 2 = formation, 3 = quiescence). A 2D example of this superimposed image

can be seen in Fig. 5.1(a), where the black-rimmed boxes represent the bone surface at

measurement mn. The result of the subsequent 2D-modified surface classification method

is displayed in Fig. 5.1(b). In the original image, the 6-neighbour-topology interfaces

between different classification values are classified as formation (2-3 interface, voxel at

3 position is classified), quiescence (0-3 interface, voxel at 3 position is classified) and

resorption (0-1 interface, voxel at 1 position is classified) regions (XIPL_EVAL_BBETW.COM,

/boundary_between). The classified bone surface is, therefore, on the bone side of the

6-neighbour-topology, bone-marrow interface at measurement mn, represented by the

black-rimmed boxes in Fig. 5.1. The classified bone surface is only used for the analyses

of the SED distribution.

The SED gradient is evaluated on the marrow surface, which is the marrow side of

the bone-marrow interface [79]. The marrow surface is classified analogously to the bone

surface. The interfaces between different classification values are classified as formation

(2-3 interface, voxel at 2 position is classified), quiescence (0-3 interface, voxel at 0 position

is classified) and resorption (0-1 interface, voxel at ß position is classified) regions. Only

SED and SED gradient values which lay on the bone or marrow surface were used for

further calculation.

Conditional probability

The visualisation of the relation between bone (re)modelling behaviour and direct me-

chanical strain is done with conditional probability plots, also referred to as (re)modelling
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46 5 Correlation of SED (gradient) with bone (re)modelling

(a) (b)

Fig. 5.1: 2D example of the surface region classification, with the classification values: 0 =
background (white), 1 = resorption (violet), 2 = formation (orange), 3 = quiescence
(grey). The black-rimmed boxes represent the bone surface of measurement mn.
(a) Superimposed images of measurements mn and mn+1 (b) Classified bone surface.

rules [50]. They show the probability for a certain (re)modelling event (formation, resorp-

tion or quiescence) to occur, depending on the magnitude of a mechanical quantity (SED

and SED gradient).

First, the SED and SED gradient values are normalised within each animal and mea-

surement to remove the variance due to temporal bone adaptation, applied force in FE

analysis and individual animals. The normalisation is done with the 99th percentile of

all values which are present on the surface and in the volume of interest (VOI) (cortical

or trabecular bone, see Section 4.1) and is referred to as SEDMAX or ∇SEDMAX . This

heavily reduces the sensitivity to outliers and, therefore, made the normalisation more

stable. At this point, a bone or marrow surface with normalised mechanical quantity

values and a bone or marrow surface containing information on (re)modelling behaviour

are available. Therewith, a frequency density histogram for each region (formation, quies-

cence and resorption) can be created. Every histogram consists of 50 bins with equal bin

widths, which display the normalised mechanical quantity in the range from 0 to 1. The

further underlying assumption is that each (re)modelling event has the same occurrence

probability, which rules out possible dependencies on the imbalance due to the size of bone

formation and resorption regions. The conditional probability is calculated as relative

proportions of the (re)modelling event occurrence probabilities within each bin, which is

then plotted over the normalised mechanical quantity. The conditional probabilities are

fitted by logarithmic functions using non-linear regression analysis.
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5.2 Results 47

Area under the ROC curve (AUC)

The area under the curve (AUC) of a receiver operating characteristic (ROC) curve is

used as a performance measurement of a mechanical quantity (SED and SED gradient)

classifying and predicting local bone (re)modelling behaviour [80, 81].

For the calculation of the AUC of the formation region, all formation surface voxels are

set to “True” and all other surface voxels are set to “False”. If the AUC is lower than 0.5,

the classified surface region is changed, i.e. instead of the AUC of the formation region,

alternatively the non-formation region can be classified. Voxels which belong to quiescence

or resorption regions are set to “True”, while voxels in the formation regions are set to

“False” in this case. The ROC curve is a binary classifier—elements of a set are assigned

to one of two groups—therefore, the three different surface regions need to be analysed

separately. Analogously, analyses are performed for quiescence and resorption regions.

The analyses are only performed on voxels on the bone or marrow surface within the VOI

(cortical or trabecular bone).

Statistical analysis

Information on the statistical analysis can be found in Section 4.1. The same fixed and

random effects are used to compare the AUC between groups and mechanical quantities.

Additionally, the mechanical quantity is introduced as an within-subject effect.

5.2 Results

Conditional probability

The functions of the regression lines can be found in Tab. 5.1, with the corresponding

coefficients for all groups displayed in Supplementary Tab. S1–S4. In the function of the

regression line of the resorption probability in trabecular bone, the offset-parameter y0

indicates a certain probability for bone resorption to occur in the full range of mechanical

stimuli. This suggests a baseline of bone (re)modelling, which is independent of the

mechanical stimuli. In this thesis this baseline of formation and resorption probability

is referred to as non-targeted bone (re)modelling. Due to the differing function, the

parameter y0 in cortical bone cannot be interpreted in the same way. For both trabecular

and cortical bone, the parameter a in the conditional formation and resorption probability

fitting functions quantifies the mechanical sensitivity of the system. Additionally, the

coefficient b inside the exponent can be interpreted as the amount of mechanical control in

the (re)modelling process [50].

In Fig. 5.2 the four possible configurations of bone regions (trabecular and cortical,

see Section 4.1) and mechanical quantities (strain energy density, SED or its gradient,

∇SED) are displayed to observe differences within a group (10 Hz dynamic loading) and
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48 5 Correlation of SED (gradient) with bone (re)modelling

Tab. 5.1: Functions to fit non-linear regression lines to conditional probabilities, with x =
SED/SEDMAX and x = ∇SED/∇SEDMAX .

Trabecular bone Cortical bone

Formation region F = a ·
(

1 − e−b·x
)

+ y0 F = a ·
(

1 − e−b·x
)

+ y0

Quiescence region Q = a−c · e
x

−b · xc−1 + y0 Q = a−c · e
x

−b · xc−1 + y0

Resorption region R = a ·
(

e−b·x
)

+ y0 R = a ·
(

e−b·x
)

+ c · (x + d) + y0

week (m1m2). The comparison of Fig. 5.2(a) and (c) suggests that the (re)modelling

rules of trabecular and cortical bone are similar, but not identical. The slope of the

conditional formation and resorption probability in Fig. 5.2(c) is steeper, suggesting that

cortical bone is slightly more sensitive to mechanical stimuli. The conditional formation

probability in trabecular and cortical bone appear to be more sensitive to SED gradient

(atrab = 0.348, acort = 0.426) rather than SED (atrab = 0.262, acort = 0.341), see Fig. 5.2(b)

and (d). In contrast, resorption seems to be more sensitive to SED (aSED, trab = 0.259,

a∇SED, cort = 0.215). This contrary behaviour could be generated by the differences in

bone and marrow surface, on which the analyses are performed.

All conditional probability plots of cortical bone in the 2 Hz, 5 Hz, static-loading

(STAT), and sham-loading (CONT) groups show unexpected behaviour below 2.5-5%

SED/SEDMAX , see Fig. 5.3(a) (not all plots shown). Slight tendencies towards this

behaviour are also present in the 10 Hz group, see Fig 5.3(b). For investigation, the results

are visualised. In Fig. 5.4(a) only values below 2.5% SED/SEDMAX are displayed. This

indicates, that due to the loading application in the FE analysis, the processes of the

vertebrae do not experience loading. This causes noise in the very low SED/SEDMAX

regions, which explains the observed behaviour. When fitting the non-linear regressions

lines, the values of the three lowest bins are excluded.

Subsequently, the data of all weeks is combined to simplify comparison between groups,

see Fig. 5.5 and 5.6. Plots comparing groups for each week are shown in Supplementary

Fig. S11–S18. The suggestion that formation in trabecular and cortical bone is more

sensitive to the SED gradient is reassured, see Fig. 5.5(a)–(b) and Fig. 5.6(a)–(b). A

difference between trabecular and cortical bone can be seen in the quiescence probabilities,

see Fig. 5.5(c) and Fig. 5.6(c). The peak of conditional quiescence probability in cortical

bone is narrower and at a different SED/SEDMAX value compared to trabecular bone. The
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5.2 Results 49

(a) (b)

(c) (d)

Fig. 5.2: Conditional probability with regression line for trabecular bone in the 10 Hz dynamic-
loading group (m1m2, (a) SED (b) SED gradient). Conditional probability with
regression line for cortical bone in the 10 Hz dynamic-loading group (m1m2, (c) SED
(d) SED gradient).

conditional probability of the quiescence in both regions does not seem to be influenced

by the type of mechanical loading, see Fig. 5.5(c)–(d) and Fig. 5.6(c)–(d).

There are slight differences between loading groups in the conditional resorption probabil-

ity of trabecular bone. Dynamic mechanical loading seems to lower the rate of non-targeted

bone remodelling, see Fig. 5.5(e) and (f). This is implied by the lower limit of the re-

sorption curve, which is lowered by 5 Hz and 10 Hz dynamic-loading, also see Tab. S1.

Thereby, 5 Hz and 10 Hz dynamic-loading results in a higher conditional probability for

bone formation, see Fig. 5.5(a) and (b). When increasing the plot range of the normalised

mechanical quantity, the conditional quiescence probability decreases with increasing
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50 5 Correlation of SED (gradient) with bone (re)modelling

(a) (b)

Fig. 5.3: Conditional probability for cortical bone in the (a) sham-loading (control) group (all
weeks combined) (b) 10 Hz dynamic-loading group (all weeks combined)

mechanical quantity and converges towards the conditional resorption probability, see

Fig. 5.5(c) and (d) (increased data range not shown).

Cortical bone in general shows similar behaviour, with quiescence not showing differences

between groups, see Fig. 5.6(c) and (d). The increase in conditional formation probability

correlates with the increase in loading frequency, see Fig. 5.6(a) and 5.6(b), while the rate

of non-targeted bone (re)modelling is slightly lowered when applying dynamic loading,

see Fig. 5.6(e) and (f). The increase in conditional resorption probability at higher

mechanical quantity values is probably due to load application in the FE analysis. Even

so this hypothesis of the computational error can be questioned because of the conditional

resorption probability of the 10 Hz group, see Supplementary Fig. S6(e) and (f). There is

almost no increase in conditional resorption probability in the high SED/SEDMAX range.

It is now interesting to establish whether the (re)modelling rules change over time. In

trabecular bone, the dynamic-loading groups (2 Hz, 5 Hz, 10 Hz) show an adaptation over

time, see Supplementary Fig. S1, S2, and S3. The formation regression lines flatten out,

with a decrease in the maximum obtained probability and a corresponding increase in

non-targeted bone (re)modelling. This probably happens because the bone adaptation

leads to decreased mechanical stimuli, i.e. lower, absolute SED and SED gradient values. In

the STAT and CONT groups a similar adaptation over time is not seen, see Supplementary

Fig. S4 and S5. Furthermore, there are no adaptations of the conditional probabilities

over time in cortical bone, see Supplementary Fig. S6–S10. The suggestion that cortical

bone is more sensitive to mechanical stimuli can only be affirmed for the 10 Hz and 5 Hz

groups, compare Supplementary Fig. S1(a) with S6(a), and S2(a) with S7(a). The higher

sensitivity of cortical bone cannot be observed in the 2 Hz, STAT, or CONT groups.
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5.2 Results 51

(a) (b)

Fig. 5.4: (a) Visualisation of the lowest 2.5% SED/SEDMAX (b) Visualisation of the corre-
sponding vertebra, including formation (orange), quiescence (grey) and resorption
(violet) regions.
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52 5 Correlation of SED (gradient) with bone (re)modelling

(a) (b)

(c) (d)

(e) (f)

Fig. 5.5: Regression lines for conditional probability for all groups (all time points combined,
trabecular bone): (a) formation, SED (b) formation, SED gradient (c) quiescence,
SED (d) quiescence, SED gradient (e) resorption, SED (f) resorption, SED gradient.
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5.2 Results 53

(a) (b)

(c) (d)

(e) (f)

Fig. 5.6: Regression lines for conditional probability for all groups (all time points combined,
cortical bone): (a) formation, SED (b) formation, SED gradient (c) quiescence, SED
(d) quiescence, SED gradient (e) resorption, SED (f) resorption, SED gradient
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54 5 Correlation of SED (gradient) with bone (re)modelling

Area under the ROC curve (AUC)

A summary of the AUC can be found in Tab. 5.2. Due to the absence of time dependency,

values of all measurements are combined. In trabecular bone, no significant difference

in AUC (strain energy density, SED) in the formation region between the groups can be

seen, see Fig. 5.7(a). The AUC (SED) of the quiescence region is significantly lower in the

dynamic-loading groups (2 Hz, 5 Hz, and 10 Hz) (p < 0.05, exception: STAT–10 Hz p =

0.066). In contrast, no significant difference between dynamic-loading groups or between

the static-loading (STAT) and sham-loading (CONT) groups is seen. AUC (SED) of the

resorption region in the 10 Hz group is significantly higher than in the STAT and CONT

groups (p < 0.001), while the 2 Hz and 5 Hz groups are not significantly different to the

STAT and CONT groups (p < 0.1).

In trabecular bone, the AUC (SED gradient, ∇SED) of the formation and resorption

regions in the dynamic-loading groups are significantly higher than in the CONT group

(p < 0.05), see Fig. 5.7(b). The difference between the dynamic-loading groups and

the STAT group is not significant (p < 0.1). AUC (∇SED) of the quiescence region is

significantly lower in dynamic-loading groups, when compared to the STAT and CONT

groups (p < 0.05). The AUC (SED) of the formation region is significantly lower than the

AUC (∇SED) in all groups (p < 0.001), see Fig. 5.7(a) and (b), whereas no significant

differences between AUC (SED) and AUC (∇SED) of the quiescence region are observed.

The AUC (SED) of the resorption region is significantly lower than the AUC (∇SED)

within the CONT, STAT, 2 Hz, and 10 Hz groups (p < 0.05). For the 5 Hz group, this

difference is not significant (p = 0.076).

In cortical bone, the AUC (SED) of the formation region in the 10 Hz group is significantly

greater than in all other groups (p < 0.05). In the STAT group, it is significantly lower

than in the 2 Hz and 5 Hz group (p < 0.001). All other differences in the AUC (SED) of

the formation region are not significant, see Fig. 5.7(c). The AUC (SED) of the quiescence

region is significantly lower in dynamic-loading groups when compared to the STAT and

CONT groups (p < 0.05), while no significant difference between the dynamic-loading

groups and between the STAT and CONT groups is seen. The AUC (SED) of the resorption

region in the 10 Hz group is significantly greater than in the STAT and CONT groups

(p < 0.05). The 5 Hz group only has a significant difference to the STAT group (p < 0.001).

Again looking at the cortical bone region, the AUC (∇SED) of the formation region is

significantly higher in dynamic-loading groups, compared to the STAT and CONT groups

(p < 0.01), see Fig. 5.7(d). A similar tendency can be observed in the AUC (∇SED) of

the quiescence and resorption regions, with the dynamic-loading groups being significantly

lower than the STAT and CONT groups (p < 0.05). The AUC (SED) of the formation

region is significantly lower than the AUC (∇SED) in all groups (p < 0.001), see Fig. 5.7(c)
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5.2 Results 55

Tab. 5.2: Summary of area under the ROC curve (AUC) values, combined for all measurements.

and (d). However, no significant differences between AUC (SED) and AUC (∇SED) of

the quiescence and resorption regions are observed.

In general, the results indicate that the SED gradient has a better performance when

predicting local bone formation and resorption. The performance difference between SED

and SED gradient to predict quiescence is not significant.

The AUC (SED) is also used to compare the two different registration methods (register

whole vertebra and the two halves separately, see Section 3.1). However, there are no

differences in AUC (SED) between these methods (data not shown).
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56 5 Correlation of SED (gradient) with bone (re)modelling
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Fig. 5.7: Area under the curve (AUC) for formation (orange), quiescence (grey) and resorption
(violet) regions and groups: (a) trabecular bone, SED (b) trabecular bone, SED
gradient (c) cortical bone, SED (d) cortical bone, SED gradient. (Levels of significance:
∗ relates to p < 0.05, ∗∗ relates to p < 0.01, and ∗∗∗ relates to p < 0.001; † indicates
significant difference to same measurement of opposite quantity: † = p < 0.05,
‡ = p < 0.01)
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Chapter 6

Poromicromechanics-based

computation of lacunar pore pressure

fields

6.1 Hierarchical organization of murine bone

The anatomy of murine and human bone is similar, but not identical. Most importantly,

murine bone organs are much smaller than human ones, implying that some features

typical for human bone are missing in murine bone, or occur in different size and shape.

It is, for example, noteworthy that the blood vessels in murine bone are not embedded in

osteonal canals [82].

On the organ scale, murine bone can be divided into cortical and trabecular bone regions,

see Fig. 6.1(a), with orange-coloured regions indicating cortical bone and blue-coloured

regions indicating trabecular bone. The latter consists of rod- and plate-shaped trabeculae,

see Fig. 6.1(b), is surrounded by bone marrow and contains lacunar pores filled with

osteocytes, see Fig. 6.1(c), with the violet-stained bone tissue, and dark-blue-stained bone

and bone marrow cells. Cortical bone, on the other hand, is more compact and encloses

blood vessels and lacunar pores, shown in Fig. 6.1(d), with red-coloured pores indicating

blood vessels and yellow-coloured pores indicating lacunar pores and 6.1(e), with the

violet-stained bone tissue, and dark-blue-stained bone and bone marrow cells. An example

of a lacunar pore is shown in Fig. 6.1(f). The lacunar pores are connected via a canalicular

network enabling signalling between osteocytes and to other bone cells [8].
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(a) (b) (c)

(d) (e) (f)

Fig. 6.1: (a) 3D rendering of µCT-derived vertebra show cortical (orange) and trabecular
(blue) bone regions, see Section 4.1 for details. (b) 3D rendering of µCT-derived,
trabecular bone from murine vertebra. (d) 3D rendering of µCT-derived, cortical bone
microporosity including osteocyte lacunae (yellow) and vascular canal network (red) of
mouse fibula. Reproduced from [83]. (c) Histologic sections, stained with hematoxylin
and eosin, of decalcified proximal tibia from 12-week-old mice. Reproduced from [84]
(e) Representative image of haematoxylin and eosin stained murine cortical bone
(femur). Reproduced from [85]. (f) Synchrotron phase nano-computed tomography
(SR-PNCT) image of the mass density of the mineralised bone matrix showing osteocyte
lacuna and canalicular network. Sample: Human jawbone. Reproduced from [86].
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6.2 Fundamental concept of continuum

(poro-)micromechanics

In continuum micromechanics, microstructural features of a hierarchically organized

material are considered for up- and downscaling mechanical properties. In addition, the

subfield “poromicromechanics” or “micromechanics of porous media” allows for introducing

pore phases at various hierarchical levels, leading to the establishment of relations between

the mechanical loading applied macroscopically, and the correspondingly arising pore

pressures on the microscale [28, 32].

The investigated material is considered a macro-homogeneous, but micro-heterogeneous

body filling a representative volume element (RVE) [87, 88]. Such RVEs with characteristic

length lRV E need to fulfil the following separation-of-scales conditions:

• lRV E ≫ dRV E, dRV E representing the characteristic length of inhomogeneities within

the RVE. In particular, lRV E must be (at least) 2-3 times larger than dRV E in order

to comply with this requirement [89].

• lRV E ≪ {L, P}, L representing the characteristic length of the geometry and P

representing the characteristic length of the loading of a structure built up by the

material defined on the RVE. The requirement is fulfilled as long as L and P ,

respectively, are (at least) 5 to 10 times larger then lRV E [90].

In general, the microstructure of a material is so complicated that it cannot be described

in complete detail. Therefore, quasi-homogeneous subdomains with known physical

properties are introduced. The so-called material phases typically consist of solid and

pore phases. If a single phase has a microstructure itself, its mechanical behaviour can be

estimated in sequential fashion by introducing an RVE within this phase, with dimensions

lRV E,2 ≤ dRV E comprising again smaller phases with characteristic length dRV E,2 ≪ lRV E,2

and so on. This leads to the possibility of multistep homogenizations schemes.

6.3 Micromechanical representation of murine bone (for

the sake of pore pressure computations)

In the cortical bone matrix, the vascular pores, which contain the blood vessels in murine

bone, shown in Fig. 6.1(d), indicated by red colour, have a diameter of 8–10 µm [83, 91–93].

Lacunar pores containing the osteocytes (dlac = 9–10 µm) [83, 92, 94], see Fig. 6.1(d),

indicated in yellow, are embedded in the the extravascular bone matrix. In contrast,

the trabecular bone matrix only consists of lacunar pores containing the osteocytes and

extralacunar bone matrix. Zooming in on the extralacunar bone matrix reveals that the
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lacunar pores are connected via a canalicular network, see Fig. 6.1(f). The characteristic

length of the lacuno-canalicular network in murine bone is dcan = 0.1–0.4 nm [95–97].

The extracanalicular bone matrix consists of collagen fibrils and extrafibrillar space. On

even smaller scales intermolecular and intercrystalline spaces are present [28, 98]. The

composition and structure of the extracanalicular bone matrix was not relevant for this

thesis and is therefore assumed homogeneous and isotropic.

In the cortical regions of murine bone, the vascular pores and lacunar pores have a similar

characteristic length. Therefore, murine bone does not fulfil all the required separation-

of-scales conditions. In contrast, the trabecular bone matrix does not contain vascular

pores and fulfils the required conditions. The characteristic length of the trabeculae L is

in the range of 40–75 µm [60, 65]. Subsequently, the image resolution allows differentiation

between bone marrow (“vascular pores”) and bone matrix. Hence, a model which can

be directly applied to voxels containing trabecular bone matrix is adapted from [23].

The established model consists of a single-step homogenization scheme, displayed in

Fig. 6.2, and is only applied to bone voxels in the trabecular bone regions, see Section 4.1

and Fig. 4.1(a). The lacunar pores are modelled as spherical inclusions in an isotropic,

homogeneous extralacunar bone matrix. All other pore spaces smaller than the lacunar

pore space, i.e. the canalicular pore space, but also the intercrystalline and intermolecular

pore space, are not considered in the model [23].

6.4 Poromicromechanical up- and downscaling relations

For the theoretical foundation of the subsequently presented mathematical relations, see [23,

28, 32, 99]. The following equations are used to estimate the lacunar pore pressure:

plac = −M lac
macrob

lac
macro : E (6.1)

with the lacunar pore pressure plac, the modulus-type quantity M lac
macro, the pore-space-

specific Biot tensor blac
macro, which quantifies the macroscopic stresses Σ arising in an

undeformed trabecular bone RVE, from pressure acting in the lacunar pore space and the

macroscopic strains E imposed as displacements at the boundary of the trabecular RVE.

M lac
macro is defined as [28]

1

M lac
macro

=
flac,0

klac

+
1

N lac,lac
macro

(6.2)

where flac,0 is the initial volume fraction of lacunar pore space (quantified on the macro-

scopic observation scale), before the RVE of macroscopic trabecular bone is subjected

to mechanical loading (flac,0 + fexlac,0 = 1). Furthermore, klac denotes the bulk modulus

of the fluid contained in the lacunar pores. N lac,lac
macro is the so-called Biot modulus, whose
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6.4 Poromicromechanical up- and downscaling relations 61

Fig. 6.2: Micromechanical representation of trabecular bone, based on which the poromicrome-
chanical model is developed.

nomenclature is built as follows: Biot modulus N j,k
r considers the effect of the pressure

in pore space k on the porosity change of pore space j, whereby both pore spaces are

measured in RVE r. The Biot modulus is defined as

1

N lac,lac
macro

= −blac
exlac :

(

Cexlac

)−1

:
(

flac,0b
lac − blac

macro

)

(6.3)

with the Biot tensors

blac
exlac = blac = 1 blac

macro = f̄lac1 : Alac (6.4)

whereby f̄lac is the volume fraction of the lacunar pore space, quantified within the

RVE of extravascular bone matrix, and Alac the so-called concentration or “downscaling”
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tensor [98], relating extravascular strains to those in the extralacunar and (drained) lacunar

spaces:

Alac = A
∞
lac :

(

fexlac,0A
∞
exlac + flac,0A

∞
lac

)−1

(6.5)

A
∞
lac =

(

I + P
0
lac :

(

Clac,drained − Cexlac

))−1

(6.6)

A
∞
exlac = I (6.7)

Clac,drained = 0 (6.8)

with the initial volume fraction of extralacunar matrix fexlac,0, the stiffness tensor of the

extralacunar matrix Cexlac, the drained lacunar pore space (air) Clac,drained and the Hill

tensor P
0
lac for spherical inclusions in an isotropic auxiliary matrix [98].

Model input parameters

The mechanical properties of bone tissue vary strongly between species and are scale-

dependent. The extralacunar stiffness is assumed to be isotropic and is estimated using

the Young’s modulus values described in Section 3.1 and a Poisson’s ratio of ν = 0.3.

To calculate the pore pressure, see Eq. (6.1), macroscopic strains are needed as input.

These strains result from the FE analysis (see Section 5.1), using grey-scale images (see

Section 3).

The volume fraction of lacunar pore space in trabecular bone is assumed to be flac,0 =

1.5% [83, 100]. There are no clear differences between osteocyte lacunar sizes and numbers

in trabecular and cortical bone [101]. The vascular porosity in murine cortical bone

is 0.5–2% [83, 102]. The difference between the volume fraction of lacunar pore space

quantified within the trabecular bone RVE and within the RVE of extravascular bone

matrix is negligibly small, hence flac,0 = f̄lac. The bulk modulus of the fluid contained in

the lacunar pores is approximated by that of water klac = 2.3 GPa [23].

6.5 Results

Lacunar pore pressure

Because the Biot tensor blac
macro only has entries along the main diagonal, the pore

pressure is calculated as

p = bxxExx + byyEyy + bzzEzz (6.9)

The entries along the main diagonal of the Biot tensor are identical bxx = byy = bzz.

Considering Esum = Exx + Eyy + Ezz, the pore pressure from Eq. (6.9) is simplified as

p = bxxEsum (6.10)
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A histogram of Esum is shown in Fig. 6.3(b). All voxels containing positive Esum values are

ignored, as the model does not account for “negative” pore pressure and possible effects

like cavitation. Fig. 6.3(a) displays a histogram of the estimated lacunar pore pressure.

Pore pressures of up to 3–4 MPa are found in very high strain regions.

(a)
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Fig. 6.3: (a) Density histogram of the pore pressure plac in the bone voxels of the trabecular
bone region (b) Density histogram of the strains summed along the main diagonal
(Esum = Exx + Eyy + Ezz) in the bone voxels of the trabecular bone region. Sample:
Week m1, Mouse 02, 10 Hz dynamic-loading group.

Fig. 6.4 provides a summary of the pore pressure of all groups in each week. Additionally,

Fig. 6.5 displays the pore pressure of each group over time. The discrepancy in pore

pressure distribution between sham loading (control) and all other groups can be explained

by the different loading in the FE analysis, i.e. 4 N for sham-loading and 8 N for all other

groups (see Section 5.1). Notably, the amount of mechanical force applied to the bone can

directly be linked to the pore pressure.

In addition, the peak of the pore pressure distribution in the dynamic loading groups

moves closer to zero over time, see Fig. 6.5(c), (d) and (e). This can be explained by the

trabecular bone adaptation in the dynamic-loading groups, which decreases the resulting

strains (see Section 4.2). In contrast, the pore pressure distribution in the sham-loading

(control) and static-loading groups does not change over time, see Fig. 6.5(a) and (b),

because there is little to no bone adaptation occurring (see Section 4.2).
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Fig. 6.4: Density histogram of the pore pressure in the bone voxels of the trabecular bone
regions for all groups in week (a) m1 (b) m2 (c) m3 (d) m4 (e) m5.
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Fig. 6.5: Density histogram of the pore fluid velocity in the bone surface voxels of the trabecular
bone regions over time in the (a) sham-loading (control) group (b) static-loading
group (c) 2 Hz dynamic-loading group (d) 5 Hz dynamic-loading group (e) 10 Hz
dynamic-loading group.
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Chapter 7

Micromechanics-inspired computation

of canalicular fluid flow

Information on the hierarchical organization of murine bone, pore spaces and the funda-

mental concept of continuum (poro-)micromechanics can be found in Sections 6.1 and 6.2.

7.1 Micromechanical representation of murine bone (for

the sake of fluid flow computations)

Analogous to the model introduced in Section 6.3, a two-step homogenization scheme is used.

This scheme is based on the previously used model, with an additional homogenization

step being introduced, see Fig. 7.1. The extralacunar bone matrix is modelled as an

homogeneous, isotropic, extracanalicular bone matrix with arbitrarily oriented, cylindrical

inclusions [29]. Both intercrystalline and intermolecular pore spaces are neglected in this

work.

As mentioned in Section 6.3, murine cortical bone does not fulfil all the required

separation-of-scales conditions. Therefore, the model is only applied to bone voxels in the

trabecular bone regions, see Section 4.1 and Fig. 4.1(a).

7.2 Relations between macroscopic pressure gradients

and pore-scale fluid flow

The theoretical foundations of pressure gradient downscaling and the derivation of scaling

relations can be found in [29].
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68 7 Micromechanics-inspired computation of canalicular fluid flow

Fig. 7.1: Micromechanical representation of trabecular bone, based on which the poromicrome-
chanical model is developed.

The results from the FE analysis (see Section 5.1), using grey-scale images (see Section 3),

represent the macroscopic stresses acting on the macroscopic bone matrix and are used as

input stresses. Hence, the macroscopic pressure gradient is assumed to be

(grad pmacro)i,j,k =



tr
(

∂Σi,j,k

∂x

)

, tr
(

∂Σi,j,k

∂y

)

, tr
(

∂Σi,j,k

∂z

)





T

(7.1)

where the traces of stress gradients are the entries of the macroscopic pressure gradient

vector. The stress gradient in the x-direction is calculated as

∂Σi,j,k

∂x
=

Σi+1,j,k − Σi−1,j,k

2a
for voxel 1 < i < Nx (7.2)
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7.2 Relations between macroscopic pressure gradients and pore-scale fluid flow 69

where Σi is the macroscopic stress tensor of a voxel at x-position i, Nx the number of voxels

in the x-direction and a the nominal resolution. The gradients in the y- and z-direction

are calculated correspondingly (with 1 < j < Ny and 1 < k < Nz). The stress tensors of

the bone marrow voxels are negligibly small and therefore assumed Σ = 0.

Furthermore, this macroscopic pressure gradient needs to be downscaled by means of

the downscaling relations, introduced in [29], from the RVE of macroscopic bone matrix,

which are

grad plac = Alac · grad pmacro (7.3)

and

grad pexlac = Aexlac · grad pmacro (7.4)

where grad plac and grad pexlac are the pressure gradients in the lacunar pores and in the

extralacunar bone matrix, Alac and Aexlac are the concentration tensors of the lacunar

pores and of the extralacunar bone matrix and grad pmacro is the pressure gradient on the

RVE of the macroscopic trabecular bone matrix.

One scale below, the orientation-dependent pressure gradients in the canalicular pores

grad pcan(ϑ, ϕ) and the pressure gradient in the extracanalicular bone matrix grad pexcan

are derived to be

grad pcan(ϑ, ϕ) = Acan(ϑ, ϕ) · grad pexlac (7.5)

and

grad pexcan = Aexcan · grad pexlac (7.6)

where Acan(ϑ, ϕ) is the orientation-dependent concentration tensor of the canalicular pores

and Aexcan is the concentration tensor of the extracanalicular bone matrix.

Because the canalicular pores are not oriented along one axis but arbitrarily, a pressure

gradient for arbitrarily oriented canalicular pores is calculated:

grad pcan,arb = Acan,arb · grad pexlac (7.7)

where Acan,arb is the concentration tensor of arbitrarily oriented canalicular pores. Acan,arb

is estimated by averaging Acan(ϑ, ϕ) over 28 different needle orientations (Stroud’s inte-

gration) [103].

Thus, to estimate the pore fluid velocities downscaled, the canalicular pressure gradients

are inserted into

vcan =
r2

can

8η
|grad pcan,arb| (7.8)

where rcan is the radius of the canaliculus, η is the dynamic fluid viscosity and |grad pcan,arb|

is the norm of the pressure gradient in the arbitrarily oriented canalicular pores.
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70 7 Micromechanics-inspired computation of canalicular fluid flow

Model input parameters

The concentration tensors Alac, Aexlac, Acan(ϑ, ϕ), and Aexcan are estimated according

to the supplementary material in [29]. The following parameters are used in this calculation:

• rcan = 0.1 µm is the radius of the canaliculus [95–97].

• rlac = 4.5 µm is the radius of the (spherical) lacunar pores [83, 92, 94].

• φexvas
lac = 1.5% is the volume fraction of the lacunar pores quantified on the RVE of

extravascular bone matrix [83, 100]. Due to the small vascular porosity (0.5–2% [83,

102]), the difference between the volume fraction of lacunar pore space quantified

within the trabecular bone RVE and within the RVE of extravascular bone matrix is

negligibly small, hence φexvas
lac = φmacro

lac .

• φexlac
can = 1% is the volume fraction of the canalicular pores quantified on the RVE of

extralacunar bone matrix [100]. Due to the small vascular and lacunar porosity, the

difference between the volume fraction of canalicular pore space quantified within the

trabecular bone RVE and within the RVE of extralacunar bone matrix is negligibly

small, hence φexlac
can = φmacro

can .

Notably, rcan is difficult to define because of the rough, uneven canalicular walls [104] and

the fact that canaliculi get thicker towards osteocyte lacunae [95, 104]. This may explain

the variability in reported canaliculus diameter [100, 105]. Hence, the above-defined

number for this radius should be considered as a rough approximation. Furthermore,

considerations concerning the dynamic fluid viscosity η = 0.007 Pa s can be found in [29].

7.3 Results

Pressure gradient downscaling

First, the downscaling relations are studied on a general basis by considering a macro-

scopic pressure gradient from the upper range of the bone surface values of grad pmacro =

[0, 0, 500]T kPa/mm. Fig. 7.2 displays the result in each material phase. The pressure

gradient in the lacunar pores is zero, whereas in the extralacunar bone matrix it is slightly

increased to 507.6 kPa/mm. This pressure gradient is then further amplified in the canalic-

ular pores to 563.4 kPa/mm and almost remains the same in the extracanalicular bone

matrix at 507.1 kPa/mm.

Pore fluid velocity

Fig. 7.3(a) shows the distribution of the pore fluid velocity of all bone voxels, whereas

Fig. 7.3(b) displays the distribution of all bone surface voxels. The pressure gradient at

the bone surface is greater because the neighbouring bone marrow voxels do not experience

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.
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Fig. 7.2: Pressure gradient grad pmacro = [0, 0, 500]T kPa/mm applied on the level of macro-
scopic bone tissue, and the corresponding pressure gradients in all material phases
considered; thereby considering all possible canalicular pore orientations.

stress (Σ = 0) and the pore fluid velocity is therefore greater. It is more interesting to

investigate the fluid velocity at the bone surface, as this is where bone (re)modelling can

be tracked with micro-CT scans.

Assuming that higher fluid velocity values induce bone adaptation, the important value

range is about 70–120 µm/s, see Fig. 7.3(b); this is in the range of what was previously

reported by Estermann et al. [29].
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Fig. 7.3: (a) Density histogram of the canalicular fluid velocity vcan in the bone voxels of the
trabecular bone region. (b) Density histogram of the canalicular fluid velocity vcan in
the bone surface voxels of the trabecular bone region. Sample: Week m1, Mouse 02,
10 Hz dynamic-loading group.
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Fig. 7.4 provides a summary of the pore fluid velocity of all groups in each week. In

addition, Fig. 7.5 displays the pore fluid velocity of each group over time. The discrepancy

in fluid velocity distribution between sham-loading (control) and all other groups can be

explained by the different loading in the FE analysis, i.e. 4 N for sham-loading and 8 N for

all other groups (see Section 5.1). Consequently, the amount of mechanical force applied

to the bone can directly be linked to the occurring fluid velocity and becomes important

when looking at the fluid velocities necessary to stimulate bone cells.

In addition, the peak of the fluid velocity distribution in the dynamic-loading groups

moves closer to zero over time, see Fig. 7.5(c), (d) and (e). This can be explained by the

trabecular bone adaptation in the dynamic-loading groups, which decreases the o strains

(see Section 4.2). However, the fluid velocity distribution in the sham-loading (control)

and static-loading groups, in contrast, does not change over time, see Fig. 7.5(a) and (b),

because there is no to little bone adaptation happening (see Section 4.2).

Spatial distribution of lacunar pore pressure and canalicular pore fluid velocity

Fig. 7.6 shows a scatter plot of lacunar pore pressure and canalicular pore fluid velocity

for one bone sample. While the plot in Fig. 7.6(a) considers all bone voxels, Fig. 7.6(b)

only considers the bone surface voxels. Because of the small pressure gradient within

the bone, a big cluster of non-correlating values occurs, see Fig. 7.6(a). Furthermore,

Fig. 7.6(b) displays a correlation between the pore pressure and the pore fluid velocity in

the bone surface voxels. This correlation also resulted from the same FE analysis results

being used as input parameters.

In Section 6.5, it is stated that “negative” pore pressure is not considered in the results.

From the scatter plot of the bone surface voxels, see Fig. 7.6(b), it can be observed that in

cases of plac < 0 (macroscopic, tensile stress) the fluid velocity still provides information.
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Fig. 7.4: Density histogram of the pore fluid velocity in the bone surface voxels of the trabecular
bone regions for all groups in week (a) m1 (b) m2 (c) m3 (d) m4 (e) m5.
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74 7 Micromechanics-inspired computation of canalicular fluid flow
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Fig. 7.5: Density histogram of the pore fluid velocity in the bone surface voxels of the trabecular
bone regions over time in the (a) sham-loading/control group (b) static-loading
group (c) 2 Hz dynamic-loading group (d) 5 Hz dynamic-loading group (e) 10 Hz
dynamic-loading group.
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(a)

(b)

Fig. 7.6: Scatter plot of lacunar pore pressure and canalicular pore fluid velocity in (a) all bone
voxels (b) all bone surface voxels. Sample: Week m1, Mouse 02, 10 Hz dynamic-loading
group.
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Chapter 8

Discussion

Image processing

An automated, equivalent image processing pipeline was established, which was extended

with several ways to perform data analyses. The very small differences which occur, can be

neglected, because they do not influence the results. As shown, registering the two halves

of the vertebrae separately does not improve the visual results or the area under the ROC

curve (AUC). Instead, it causes some problems with enlarging or trimming vertebrae in

longitudinal direction. Given these points, registering the two halves separately is not a

suitable approach.

Frequency dependency of bone adaptation

Static loading does not result in an increase of bone volume, see Fig. 4.2 and 4.7, also

because it does not decrease bone resorption rate (BRR), see Fig. 4.3(b). This is consistent

with other literature [106]. When superimposing static with physiological, dynamic load an

adaptation seems to take place [107, 108]. Whether static loading causes bone loss cannot

be concluded with certainty, but similar patterns have been reported before [109]. Hypoxia

in osteocytes could be a reason for lacking decrease of bone resorption and suppressive

effects on bone apposition [10, 109].

The differences in bone adaptation due to frequency can be explained by differences in

strain rate, number of loading cycles and possibly strain amplification [25, 52, 53, 110].

However, the number of loading cycles probably has less impact, due to the high number

of cycles even in the 2 Hz dynamic-loading group (600 cycles) [45, 110]. The temporal

progression of bone net adaptation rate (BFR-BRR), see Fig. 4.3(c), and bone volume

fraction (BV/TV), see Fig. 4.2(a), raises the question whether higher frequencies lead to

faster bone adaptation or greater long-term bone adaptation.

The logarithmic frequency dependency of bone adaptation, observed in several parame-

ters, might also be linked to the variable fluid flow between groups [112]. Notably, the

strain rate is speculated to act as on of the influencers of fluid flow [111]. Similarly for
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other mechanical stimuli, a logarithmic or quadratic dependency on loading frequency has

been reported before [56].

It was hypothesised that the greatest bone adaptation in cortical bone would be between

5–10 Hz, which has been confirmed in this study and could be also seen in trabecular

bone [54]. In addition, it would be interesting to investigate a possible, inverted U-

shaped relation between bone adaptation and loading frequency considering higher loading

frequencies. In this case, a verification between applied and incoming loading frequencies

should be conducted [48]. As fluid flow is also interacting with the porosity, there might

be an optimal loading frequency for bone adaptation [54, 113]. In general, trabecular

and cortical bone seem to respond to similar mechanical stimuli, with the option of

small differences between parameters for greatest bone adaptation, see Fig. 4.2 and 4.7.

Limitations when comparing the frequency dependency of cortical and trabecular bone

are the high responders in the 5 Hz dynamic-loading group and lower parameter values in

measurement m1 of the 5 Hz dynamic-loading group, leading to greater adaptation in the

following weeks.

An applied, dynamic loading increased mineralising surface (MS) is also observed in other

studies [114, 115]. This increase and a decrease in eroded surface (ES) is in accordance

with the down-regulated expression of bone resorption and up-regulated expression of

bone formation marker genes [116]. Furthermore, the exact frequency seems to play a role

in this interaction, see Fig. 4.5. This work also suggests that the net bone formation rate

(BFR-BRR) is linked to change in net active surface (MS-ES) rather than an increase of

mineral apposition rate (MAR), see Fig. 4.6.

The bone morphometric and especially the dynamic morphometric parameters are

limited by the way they are calculated. A triangulated mesh is generated to calculate

these parameters. Depending on the algorithm, this can potentially cause problems

with big curvatures, e.g. the trabeculae, and small or thin volumes, i.e. 3D formation

and resorption regions. These volumes are the basis for the calculation of the dynamic

parameters. Furthermore, the biochemical activity of the pin material was not tested, but

would influence all groups equally.

Correlation of SED and its gradient with local bone (re)modelling behaviour

The conditional probabilities are in accordance with previous studies [50]. The (re)mod-

elling rules in cortical and trabecular bone seem to be slightly different. Cortical bone

appears to be more sensitive to mechanical stimuli, at least in case of dynamic loading.

In general, the differences in conditional probability between SED and its gradient

(∇SED) are marginal. Dynamic loading evidently decreases the probability of non-targeted

bone (re)modelling, which leads to an increase in bone formation and decrease in bone

resorption for high SED values, see Fig. 5.5 and 5.6. Due to the differing mechanical

stimuli in dynamic loading groups, regions of non-targeted bone (re)modelling rather tend
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towards bone formation. As bone is adapting and local mechanical stimuli, i.e. SED values

become lower, this effect diminishes.

In contrast, the difference in conditional probability for the SED gradient between

groups is not that distinct. ∇SED does not have a clear interpretation, because it is

influenced by stress and strain. In previous studies the volumetric strain gradient was

used to predict fluid flow, which makes sense because this directly calculates the change

in volume between two locations, which therefore could drive fluid flow. There are still

reasons why the SED gradient might give useful results, because it considers the SED

values of surrounding voxels, which gives information of a broader mechanical environment.

The distribution of SED in the bone marrow visually gives an impression of an even

broader mechanical environment. The SED gradient partially considers this distribution.

The higher sensitivity to ∇SED can be explained by the broader mechanical environment,

which is observed. A higher sensitivity means a stronger correlation between bone region

and mechanical quantity.

Limitations lie in the FE analyses, where bone is assumed to be a homogeneous material

with linear elastic, isotropic mechanical behaviour. The applied load is static, because

the FE solver could not handle dynamic loads. Frequency-dependent quantities could

therefore not be investigated. From which the questions arises whether SED is suitable

to use as a single, predicting quantity to combine different loading parameters, i.e. SED

does not change with loading frequency. Applying the load with a disc is sufficient for the

trabecular bone, but causes errors when analysing cortical bone. A different approach is

required when studying adaptation of cortical bone in the future.

Area under the ROC curve (AUC)

The differences between groups can be explained by the amount of non-targeted bone

(re)modelling, which is lower in dynamic-loading groups (2 Hz, 5 Hz, 10 Hz). Due to the

differing mechanical stimuli in dynamic-loading groups, regions of random (re)modelling

behaviour rather tend towards bone formation. This increases the modelling performance

of SED and its gradient (∇SED) and therefore, the AUC values for resorption and

formation region. Why the SED gradient has a better performance modelling resorption

and formation is more difficult to argue. The reasons are probably similar to the reasoning

of the conditional probability, because it considers the SED values of surrounding voxels

and therefore partially the SED distribution in the marrow.

Due to the way in which formation and resorption regions are defined and calculated, a

voxel overlap occurs. When calculating the AUC and the correlation of SED values with

bone (re)modelling the bone formation volumes are dilated, while for the SED gradient

the resorption bone volumes are dilated. The overlap could introduce noise to the AUC

calculation. Furthermore, variations in the modelling performance arise, because the region
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80 8 Discussion

size have an influence when evaluating the AUC, i.e. greater relative size (more voxels) in

a region results in higher AUC values for that region.

Lacunar pore pressure fields

The lacunar pore pressure calculated in this work is greater than what is known to

stimulate bone cells and greater than what was reported by Scheiner et al. [23]. The

differences can be primarily explained by the great variation of input strains. The relation

between input strains and lacunar pore pressure is (multi)linear.

The estimated strain from the FE analysis on the whole vertebra in longitudinal

direction is about −320 × 10−6. The input strains in the model are up to −750 × 10−6,

see Fig. 6.3(b). Scheiner et al. used strains of −10 × 10−6 from a gait analysis. Small

strains (< −10 × 10−6) occur more frequently over the day, while large strains from high

impact activity (> −1000 × 10−6) only happen a few times over the day [117], e.g. jumping

from a platform can cause strains up to −600 × 10−6 in mice [44]. In fact, strains up

to −3000 × 10−6 for high impact activities were reported [118]. Lacunar pore pressure

is estimated up to 24 atm (2.43 MPa) for high strain rates (impact loading) [119]. This

raises the question on whether even infrequent large strain can cause and are necessary for

long-term bone adaptation. In addition, not only pressure itself is bone cell-stimulating,

but could also play a roll in the strain amplification at the level of single lacuna.

One limitation is that osteocyte lacunar are not spherical [94], but this should not

influence the results significantly. Pursuing this point, it would be interesting to evaluate

the strain distribution in an ellipsoidal lacunar pore arising from hydrostatic pore pressure.

Canalicular fluid flow

The amount of mechanical force applied to the bone can directly be linked to the fluid

velocity, see Fig. 7.4. The estimated canalicular fluid velocity values lie in the range of what

was estimated before [29, 120–122]. The range up to 120 µm/s is not bone cell-stimulating

by itself (summary of values in [29]).

The results in Section 4 suggest that dynamic loading is necessary for bone adaptation.

One of the main differences between static and dynamic loading is the amount of canalicular

fluid flow. Fluid flow and the resulting shear stress could therefore be key mechanical

stimuli, when combined with other mechanical stimuli, e.g. lacunar pore pressure or

deformations of the lacuno-canalicular network.

The theoretical foundation of permeability tensors, used for calculating the pore pressure

gradient concentration tensor, could be applied to estimate the input permeability in

poroelastic FE analysis models [113].

It was not possible to see differences between the dynamic-loading groups. The model

is reliant on the FE analysis results, which are calculated for a static load. A FE analysis

model considering poroviscoelastic material behaviour might be beneficial.
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81

Conclusion

In conclusion it could be shown that dynamic loading is needed to induce bone adaptation.

In order to maximize bone adaptation, a loading frequency from a certain range (5–10 Hz)

is ideally applied. This range could possibly originate from the poroviscoelasticity of bone

and the corresponding fluid motion. Furthermore, infrequent impact loading with high

strain rates could be a key component of bone adaptation. High strain rates cause higher

direct mechanical strains, and great lacunar pore pressure, which both influence bone

adaptation positively.
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96 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S1: Regression lines for conditional probability over time (10 Hz
dynamic-loading group, trabecular bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S2: Regression lines for conditional probability over time (5 Hz
dynamic-loading group, trabecular bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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98 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S3: Regression lines for conditional probability over time (2 Hz
dynamic-loading group, trabecular bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S4: Regression lines for conditional probability over time (static-
loading group, trabecular bone) for: (a) formation, SED (b)
formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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100 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S5: Regression lines for conditional probability over time (sham-
loading/control group, trabecular bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S6: Regression lines for conditional probability over time (10 Hz
dynamic-loading group, cortical bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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102 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S7: Regression lines for conditional probability over time (5 Hz
dynamic-loading group, cortical bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S8: Regression lines for conditional probability over time (2 Hz
dynamic-loading group, cortical bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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104 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S9: Regression lines for conditional probability over time (static-
loading group, cortical bone) for: (a) formation, SED (b) for-
mation, SED gradient (c) quiescence, SED (d) quiescence, SED
gradient (e) resorption, SED (f) resorption, SED gradient

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

105

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S10: Regression lines for conditional probability over time (sham-
loading/control group, cortical bone) for: (a) formation, SED
(b) formation, SED gradient (c) quiescence, SED (d) quiescence,
SED gradient (e) resorption, SED (f) resorption, SED gradient
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106 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S11: Regression lines for conditional probability for all groups (Week
m1m2, trabecular bone): (a) formation, SED (b) formation,
SED gradient (c) quiescence, SED (d) quiescence, SED gradient
(e) resorption, SED (f) resorption, SED gradient.
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S12: Regression lines for conditional probability for all groups (Week
m2m3, trabecular bone): (a) formation, SED (b) formation,
SED gradient (c) quiescence, SED (d) quiescence, SED gradient
(e) resorption, SED (f) resorption, SED gradient.
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108 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S13: Regression lines for conditional probability for all groups (Week
m3m4, trabecular bone): (a) formation, SED (b) formation,
SED gradient (c) quiescence, SED (d) quiescence, SED gradient
(e) resorption, SED (f) resorption, SED gradient.
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S14: Regression lines for conditional probability for all groups (Week
m4m5, trabecular bone): (a) formation, SED (b) formation,
SED gradient (c) quiescence, SED (d) quiescence, SED gradient
(e) resorption, SED (f) resorption, SED gradient.
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110 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S15: Regression lines for conditional probability for all groups (Week
m1m2, cortical bone): (a) formation, SED (b) formation, SED
gradient (c) quiescence, SED (d) quiescence, SED gradient (e)
resorption, SED (f) resorption, SED gradient.
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S16: Regression lines for conditional probability for all groups (Week
m2m3, cortical bone): (a) formation, SED (b) formation, SED
gradient (c) quiescence, SED (d) quiescence, SED gradient (e)
resorption, SED (f) resorption, SED gradient.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

112 A Supplementary figures

(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S17: Regression lines for conditional probability for all groups (Week
m3m4, cortical bone): (a) formation, SED (b) formation, SED
gradient (c) quiescence, SED (d) quiescence, SED gradient (e)
resorption, SED (f) resorption, SED gradient.
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(a) (b)

(c) (d)

(e) (f)

Supplementary Figure S18: Regression lines for conditional probability for all groups (Week
m4m5, cortical bone): (a) formation, SED (b) formation, SED
gradient (c) quiescence, SED (d) quiescence, SED gradient (e)
resorption, SED (f) resorption, SED gradient.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Appendix B

Supplementary tables

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

115

Supplementary Table S1: Summary of non-linear regression functions and corresponding
parameters for the conditional probability (SED) in trabecular
bone.

Region
Regression 
line
Week m1m2 m2m3 m3m4 m4m5 m1m5 m1m2 m2m3 m3m4 m4m5 m1m5
Control group - CONT

a 0.148 0.173 0.140 0.121 0.139 0.194 0.190 0.207 0.214 0.201
b 2.968 1.975 5.271 4.467 3.471 9.890 11.137 11.578 10.035 10.609
y0 0.282 0.289 0.266 0.280 0.281 0.266 0.269 0.266 0.257 0.264
R2 0.972 0.915 0.945 0.850 0.979 0.943 0.915 0.908 0.933 0.964

Static loading - STAT
a 0.176 0.136 0.118 0.146 0.141 0.213 0.211 0.197 0.211 0.206
b 2.970 3.756 6.089 3.196 3.742 7.780 10.282 14.416 12.558 10.806
y0 0.270 0.274 0.270 0.279 0.274 0.250 0.268 0.283 0.272 0.269
R2 0.960 0.942 0.879 0.940 0.973 0.955 0.964 0.917 0.909 0.980

Dynamic loading - 02Hz
a 0.231 0.228 0.171 0.174 0.197 0.263 0.275 0.254 0.272 0.262
b 2.900 3.828 5.445 5.606 4.160 7.272 9.877 13.113 15.091 10.853
y0 0.252 0.236 0.243 0.240 0.244 0.224 0.242 0.268 0.273 0.253
R2 0.981 0.971 0.968 0.965 0.992 0.968 0.964 0.947 0.915 0.982

Dynamic loading - 05Hz
a 0.213 0.191 0.183 0.194 0.189 0.249 0.308 0.284 0.316 0.284
b 3.224 6.079 7.363 7.606 5.664 7.998 21.523 17.505 15.864 15.033
y0 0.256 0.230 0.224 0.214 0.234 0.232 0.279 0.276 0.265 0.264
R2 0.969 0.949 0.908 0.952 0.979 0.952 0.802 0.854 0.928 0.949

Dynamic loading - 10Hz
a 0.262 0.198 0.210 0.232 0.217 0.259 0.273 0.291 0.329 0.284
b 1.908 5.063 3.278 3.964 3.381 4.907 12.011 9.665 9.552 8.764
y0 0.268 0.237 0.249 0.225 0.247 0.195 0.253 0.239 0.231 0.232
R2 0.978 0.974 0.962 0.974 0.988 0.966 0.916 0.956 0.980 0.981

Formation Resorption

F = a*(1-exp(-b*SED/SEDMAX))+y0 R = a*exp(-b*SED/SEDMAX)+y0
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116 B Supplementary tables

Supplementary Table S2: Summary of non-linear regression functions and corresponding
parameters for the conditional probability (SED gradient) in tra-
becular bone.

Region
Regression 
line
Week m1m2 m2m3 m3m4 m4m5 m1m5 m1m2 m2m3 m3m4 m4m5 m1m5
Control group - CONT

a 0.243 0.262 0.244 0.215 0.240 0.181 0.186 0.202 0.197 0.191
b 2.943 3.011 4.043 3.257 3.287 10.718 13.158 13.476 11.951 12.289
y0 0.252 0.246 0.234 0.257 0.248 0.271 0.275 0.272 0.268 0.272
R2 0.982 0.974 0.967 0.963 0.993 0.952 0.933 0.942 0.923 0.975

Static loading - STAT
a 0.293 0.227 0.215 0.271 0.249 0.200 0.205 0.200 0.210 0.202
b 2.920 3.577 4.244 2.644 3.244 8.605 13.045 18.362 13.585 12.919
y0 0.230 0.241 0.240 0.247 0.240 0.258 0.277 0.290 0.273 0.275
R2 0.990 0.972 0.941 0.965 0.990 0.970 0.945 0.933 0.943 0.981

Dynamic loading - 02Hz
a 0.340 0.349 0.266 0.288 0.307 0.233 0.255 0.241 0.260 0.245
b 2.977 3.416 4.877 4.297 3.775 8.767 11.330 18.467 17.673 13.431
y0 0.214 0.198 0.204 0.202 0.205 0.245 0.254 0.286 0.280 0.267
R2 0.988 0.980 0.982 0.981 0.995 0.966 0.951 0.935 0.946 0.983

Dynamic loading - 05Hz
a 0.360 0.317 0.293 0.298 0.311 0.216 0.292 0.271 0.294 0.264
b 2.618 4.131 5.081 4.964 4.045 8.544 22.965 21.170 17.577 16.915
y0 0.220 0.196 0.189 0.186 0.200 0.248 0.282 0.285 0.273 0.273
R2 0.979 0.974 0.958 0.973 0.993 0.935 0.841 0.865 0.948 0.964

Dynamic loading - 10Hz
a 0.348 0.291 0.299 0.341 0.316 0.215 0.244 0.258 0.303 0.252
b 2.299 3.730 3.165 3.570 3.147 6.599 14.889 14.559 12.390 11.770
y0 0.236 0.217 0.219 0.187 0.216 0.232 0.269 0.270 0.254 0.258
R2 0.983 0.975 0.990 0.986 0.996 0.960 0.942 0.965 0.981 0.984

Formation Resorption

F = a*(1-exp(-b*∇SED/∇SEDMAX))+y0 R = a*exp(-b*∇SED/∇SEDMAX)+y0
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Supplementary Table S3: Summary of non-linear regression functions and corresponding
parameters for the conditional probability (SED) in cortical bone.

Region

Regression 
line
Week m1m2 m2m3 m3m4 m4m5 m1m5 m1m2 m2m3 m3m4 m4m5 m1m5
Control group - CONT

a 0.273 0.257 0.226 0.288 0.256 0.438 0.450 0.447 0.439 0.501
b 2.619 4.859 4.366 3.642 3.782 6.489 6.539 7.539 7.214 5.096
c - - - - - 0.100 0.113 0.122 0.101 0.149
d - - - - - 0.145 0.144 0.156 0.164 0.134
y0 0.220 0.177 0.204 0.180 0.197 0.149 0.146 0.158 0.161 0.088
R2 0.920 0.756 0.818 0.810 0.846 - - - - -

Static loading - STAT
a 0.248 0.193 0.230 0.238 0.223 0.505 0.419 0.422 0.360 0.422
b 3.130 3.906 2.223 2.411 2.845 3.415 4.410 4.855 4.900 4.482
c - - - - - 0.259 0.170 0.194 0.091 0.163
d - - - - - 0.017 0.105 0.098 0.161 0.123
y0 0.212 0.226 0.239 0.238 0.230 0.015 0.095 0.097 0.161 0.086
R2 0.835 0.799 0.860 0.898 0.866 - - - - -

Dynamic loading - 02Hz
a 0.277 0.268 0.299 0.237 0.269 0.462 0.480 0.437 0.544 0.504
b 3.962 4.690 3.968 5.569 4.478 5.113 4.981 6.143 4.311 4.493
c - - - - - 0.173 0.196 0.149 0.229 0.254
d - - - - - 0.115 0.103 0.136 0.051 0.057
y0 0.187 0.177 0.169 0.177 0.178 0.087 0.075 0.127 0.029 0.047
R2 0.899 0.896 0.883 0.756 0.877 - - - - -

Dynamic loading - 05Hz
a 0.260 0.322 0.279 0.248 0.274 0.428 0.477 0.463 0.546 0.525
b 3.518 2.815 4.049 2.796 3.254 6.713 4.607 5.260 4.140 3.512
c - - - - - 0.128 0.198 0.161 0.272 0.236
d - - - - - 0.134 0.068 0.091 0.010 0.010
y0 0.213 0.198 0.184 0.228 0.207 0.134 0.062 0.091 0.010 0.010
R2 0.949 0.958 0.929 0.946 0.959 - - - - -

Dynamic loading - 10Hz
a 0.341 0.339 0.302 0.330 0.325 0.385 0.406 0.425 0.382 0.467
b 1.958 2.828 2.770 2.861 2.618 6.789 5.448 4.843 6.165 4.330
c - - - - - 0.020 0.066 0.106 0.036 0.128
d - - - - - 0.143 0.163 0.111 0.170 0.096
y0 0.230 0.189 0.204 0.189 0.203 0.188 0.146 0.112 0.183 0.081
R2 0.979 0.954 0.966 0.964 0.975 - - - -

Formation Resorption

F = a*(1-exp(-b*SED/SEDMAX))+y0
R = a*exp(-b*SED/SEDMAX) 

+c*(SED/SEDMAX+d)+y0
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118 B Supplementary tables

Supplementary Table S4: Summary of non-linear regression functions and corresponding pa-
rameters for the conditional probability (SED gradient) in cortical
bone.

Region

Regression 
line
Week m1m2 m2m3 m3m4 m4m5 m1m5 m1m2 m2m3 m3m4 m4m5 m1m5
Control group - CONT

a 0.392 0.403 0.345 0.405 0.383 0.299 0.334 0.308 0.325 0.314
b 3.063 4.688 4.283 3.903 3.943 8.160 9.087 8.911 6.988 8.227
c - - - - - 0.028 0.059 0.048 0.047 0.045
d - - - - - 0.251 0.224 0.230 0.213 0.253
y0 0.155 0.095 0.140 0.114 0.128 0.232 0.222 0.230 0.215 0.225
R2 0.918 0.793 0.843 0.840 0.860 - - - - -

Static loading - STAT
a 0.381 0.323 0.334 0.363 0.350 0.271 0.263 0.243 0.274 0.261
b 3.221 3.216 2.803 2.864 3.021 5.647 7.709 6.123 5.861 6.346
c - - - - - 0.062 0.063 0.042 0.072 0.057
d - - - - - 0.228 0.228 0.234 0.206 0.207
y0 0.146 0.175 0.180 0.172 0.169 0.207 0.228 0.234 0.194 0.220
R2 0.883 0.879 0.881 0.913 0.896 - - - - -

Dynamic loading - 02Hz
a 0.409 0.414 0.423 0.372 0.404 0.301 0.323 0.328 0.314 0.312
b 3.967 4.361 4.037 4.749 4.259 6.907 9.557 6.251 6.649 7.334
c - - - - - 0.069 0.052 0.087 0.118 0.077
d - - - - - 0.212 0.220 0.179 0.172 0.185
y0 0.117 0.102 0.100 0.108 0.107 0.200 0.230 0.182 0.183 0.204
R2 0.914 0.915 0.893 0.842 0.899 - - - - -

Dynamic loading - 05Hz
a 0.417 0.480 0.425 0.376 0.422 0.286 0.282 0.315 0.311 0.282
b 3.439 2.869 3.637 2.840 3.170 10.304 5.639 7.095 4.404 6.637
c - - - - - 0.022 0.069 0.094 0.106 0.062
d - - - - - 0.209 0.186 0.174 0.179 0.209
y0 0.138 0.126 0.115 0.169 0.138 0.248 0.186 0.189 0.147 0.203
R2 0.942 0.952 0.928 0.956 0.954 - - - - -

Dynamic loading - 10Hz
a 0.426 0.443 0.415 0.460 0.435 0.242 0.263 0.264 0.322 0.268
b 2.599 3.082 2.769 2.991 2.872 6.114 5.800 7.729 5.190 6.804
c - - - - - 0.010 0.030 0.010 0.056 0.010
d - - - - - 0.205 0.211 0.140 0.175 0.192
y0 0.174 0.136 0.155 0.125 0.147 0.226 0.211 0.244 0.175 0.232
R2 0.973 0.955 0.964 0.964 0.968 - - - - -

Formation Resorption

F = a*(1-exp(-b*∇SED/∇SEDMAX))+y0
R = a*exp(-b*∇SED/∇SEDMAX) 

+c*(∇SED/∇SEDMAX+d)+y0
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Appendix C

Supplementary data

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

cont 02 m1 0.316 1.705 0.185

cont 03 m1 0.274 1.612 0.170

cont 04 m1 0.238 1.284 0.185

cont 05 m1 0.305 1.513 0.202

cont 06 m1 0.206 1.585 0.130

cont 07 m1 0.249 1.509 0.165

cont 08 m1 0.281 1.783 0.158

cont 09 m1 0.263 1.614 0.163

stat 01 m1 0.322 1.599 0.202

stat 02 m1 0.278 1.530 0.182

stat 03 m1 0.284 1.517 0.187

stat 04 m1 0.276 1.569 0.176

stat 05 m1 0.322 1.728 0.186

stat 06 m1 0.257 1.558 0.165

stat 07 m1 0.249 1.549 0.161

stat 08 m1 0.270 1.665 0.162

02Hz 01 m1 0.236 1.496 0.158

02Hz 06 m1 0.377 1.605 0.235

02Hz 09 m1 0.264 1.474 0.179

02Hz 10 m1 0.288 1.427 0.202

02Hz 11 m1 0.240 1.388 0.173

02Hz 12 m1 0.226 1.503 0.151

Continued on next page

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

120 C Supplementary data

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone (contin-
ued)

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

02Hz 13 m1 0.301 1.790 0.168

05Hz 01 m1 0.283 1.795 0.158

05Hz 02 m1 0.306 1.688 0.181

05Hz 08 m1 0.311 1.563 0.199

05Hz 09 m1 0.320 1.680 0.191

05Hz 10 m1 0.343 1.643 0.208

10Hz 01 m1 0.277 1.738 0.159

10Hz 02 m1 0.263 1.440 0.183

10Hz 04 m1 0.307 1.483 0.207

10Hz 05 m1 0.236 1.421 0.166

10Hz 06 m1 0.259 1.477 0.175

10Hz 07 m1 0.248 1.657 0.150

10Hz 08 m1 0.279 1.775 0.157

10Hz 09 m1 0.250 1.535 0.163

cont 02 m2 0.307 1.746 0.176

cont 03 m2 0.259 1.618 0.160

cont 04 m2 0.244 1.305 0.187

cont 05 m2 0.303 1.560 0.194

cont 06 m2 0.229 1.678 0.137

cont 07 m2 0.244 1.549 0.157

cont 08 m2 0.276 1.821 0.151

cont 09 m2 0.271 1.596 0.170

stat 01 m2 0.319 1.634 0.195

stat 02 m2 0.269 1.500 0.179

stat 03 m2 0.298 1.537 0.194

stat 04 m2 0.265 1.590 0.167

stat 05 m2 0.331 1.786 0.185

stat 06 m2 0.250 1.536 0.163

stat 07 m2 0.262 1.554 0.169

stat 08 m2 0.271 1.651 0.164

02Hz 01 m2 0.251 1.519 0.165

02Hz 06 m2 0.401 1.621 0.247

Continued on next page
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121

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone (contin-
ued)

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

02Hz 09 m2 0.271 1.444 0.187

02Hz 10 m2 0.303 1.404 0.216

02Hz 11 m2 0.236 1.322 0.178

02Hz 12 m2 0.223 1.480 0.151

02Hz 13 m2 0.278 1.783 0.156

05Hz 01 m2 0.302 1.766 0.171

05Hz 02 m2 0.308 1.650 0.187

05Hz 08 m2 0.322 1.552 0.208

05Hz 09 m2 0.337 1.630 0.207

05Hz 10 m2 0.343 1.653 0.207

10Hz 01 m2 0.276 1.731 0.159

10Hz 02 m2 0.278 1.444 0.192

10Hz 04 m2 0.317 1.480 0.214

10Hz 05 m2 0.238 1.425 0.167

10Hz 06 m2 0.270 1.431 0.189

10Hz 07 m2 0.283 1.603 0.177

10Hz 08 m2 0.279 1.665 0.167

10Hz 09 m2 0.251 1.461 0.172

cont 02 m3 0.302 1.724 0.175

cont 03 m3 0.261 1.616 0.161

cont 04 m3 0.257 1.327 0.194

cont 05 m3 0.301 1.587 0.190

cont 06 m3 0.229 1.741 0.132

cont 07 m3 0.244 1.596 0.153

cont 08 m3 0.280 1.831 0.153

cont 09 m3 0.283 1.625 0.174

stat 01 m3 0.307 1.669 0.184

stat 02 m3 0.275 1.491 0.185

stat 03 m3 0.307 1.560 0.197

stat 04 m3 0.260 1.675 0.155

stat 05 m3 0.337 1.817 0.186

stat 06 m3 0.256 1.582 0.162

Continued on next page
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122 C Supplementary data

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone (contin-
ued)

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

stat 07 m3 0.258 1.515 0.171

stat 08 m3 0.262 1.635 0.161

02Hz 01 m3 0.253 1.517 0.167

02Hz 06 m3 0.410 1.600 0.256

02Hz 09 m3 0.298 1.450 0.206

02Hz 10 m3 0.306 1.389 0.220

02Hz 11 m3 0.246 1.328 0.186

02Hz 12 m3 0.254 1.529 0.166

02Hz 13 m3 0.297 1.756 0.169

05Hz 01 m3 0.331 1.713 0.193

05Hz 02 m3 0.311 1.603 0.194

05Hz 08 m3 0.320 1.503 0.213

05Hz 09 m3 0.364 1.588 0.229

05Hz 10 m3 0.348 1.660 0.210

10Hz 01 m3 0.295 1.723 0.171

10Hz 02 m3 0.299 1.444 0.207

10Hz 04 m3 0.343 1.464 0.234

10Hz 05 m3 0.261 1.431 0.182

10Hz 06 m3 0.309 1.448 0.213

10Hz 07 m3 0.325 1.561 0.209

10Hz 08 m3 0.305 1.661 0.184

10Hz 09 m3 0.269 1.435 0.187

cont 02 m4 0.301 1.714 0.176

cont 03 m4 0.272 1.621 0.168

cont 04 m4 0.260 1.341 0.194

cont 05 m4 0.296 1.600 0.185

cont 06 m4 0.215 1.725 0.125

cont 07 m4 0.245 1.596 0.154

cont 08 m4 0.277 1.857 0.149

cont 09 m4 0.269 1.623 0.166

stat 01 m4 0.292 1.672 0.175

stat 02 m4 0.284 1.486 0.191

Continued on next page
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123

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone (contin-
ued)

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

stat 03 m4 0.310 1.570 0.198

stat 04 m4 0.257 1.728 0.148

stat 05 m4 0.327 1.846 0.177

stat 06 m4 0.250 1.597 0.157

stat 07 m4 0.263 1.536 0.171

stat 08 m4 0.268 1.638 0.164

02Hz 01 m4 0.257 1.504 0.171

02Hz 06 m4 0.437 1.601 0.273

02Hz 09 m4 0.310 1.439 0.215

02Hz 10 m4 0.301 1.383 0.218

02Hz 11 m4 0.261 1.325 0.197

02Hz 12 m4 0.261 1.534 0.170

02Hz 13 m4 0.307 1.690 0.181

05Hz 01 m4 0.354 1.685 0.210

05Hz 02 m4 0.320 1.582 0.202

05Hz 08 m4 0.332 1.499 0.221

05Hz 09 m4 0.390 1.558 0.250

05Hz 10 m4 0.365 1.660 0.220

10Hz 01 m4 0.311 1.680 0.185

10Hz 02 m4 0.305 1.415 0.215

10Hz 04 m4 0.380 1.481 0.257

10Hz 05 m4 0.273 1.396 0.196

10Hz 06 m4 0.329 1.431 0.230

10Hz 07 m4 0.365 1.571 0.233

10Hz 08 m4 0.328 1.658 0.198

10Hz 09 m4 0.298 1.441 0.207

cont 02 m5 0.310 1.713 0.181

cont 03 m5 0.293 1.628 0.180

cont 04 m5 0.260 1.329 0.195

cont 05 m5 0.288 1.576 0.183

cont 06 m5 0.209 1.791 0.117

cont 07 m5 0.244 1.583 0.154
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124 C Supplementary data

Supplementary Data S1: Data - bone morphometric parameters in trabecular bone (contin-
ued)

Group Mouse Measurement BV TV BV/TV

[mm3] [mm3] [-]

cont 08 m5 0.268 1.858 0.144

cont 09 m5 0.263 1.622 0.162

stat 01 m5 0.292 1.684 0.174

stat 02 m5 0.285 1.481 0.193

stat 03 m5 0.290 1.585 0.183

stat 04 m5 0.237 1.730 0.137

stat 05 m5 0.314 1.844 0.170

stat 06 m5 0.242 1.619 0.150

stat 07 m5 0.253 1.540 0.164

stat 08 m5 0.267 1.660 0.161

02Hz 01 m5 0.263 1.498 0.176

02Hz 06 m5 0.438 1.566 0.280

02Hz 09 m5 0.331 1.473 0.225

02Hz 10 m5 0.299 1.377 0.217

02Hz 11 m5 0.263 1.301 0.202

02Hz 12 m5 0.266 1.535 0.173

02Hz 13 m5 0.340 1.683 0.202

05Hz 01 m5 0.371 1.684 0.220

05Hz 02 m5 0.324 1.549 0.209

05Hz 08 m5 0.326 1.490 0.219

05Hz 09 m5 0.405 1.528 0.265

05Hz 10 m5 0.372 1.653 0.225

10Hz 01 m5 0.319 1.728 0.185

10Hz 02 m5 0.319 1.411 0.226

10Hz 04 m5 0.389 1.446 0.269

10Hz 05 m5 0.291 1.390 0.209

10Hz 06 m5 0.326 1.392 0.234

10Hz 07 m5 0.377 1.631 0.231

10Hz 08 m5 0.330 1.636 0.201

10Hz 09 m5 0.294 1.415 0.208
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125

Supplementary Data S2: Data - bone dynamic, morphometric parameters in trabecular bone

Group Mouse Week BFR BRR MAR MRR MS ES

[%/day] [%/day] [µm/day] [µm/day] [%] [%]

cont 02 m1m2 1.356 2.512 2.317 3.438 35.267 37.735

cont 03 m1m2 1.857 2.759 2.735 3.180 36.114 38.225

cont 04 m1m2 1.170 1.449 1.845 2.577 41.268 28.856

cont 05 m1m2 0.909 1.730 1.851 2.711 35.382 35.799

cont 06 m1m2 2.178 2.335 2.109 3.171 42.254 28.227

cont 07 m1m2 1.239 2.119 2.041 2.876 36.242 35.980

cont 08 m1m2 1.811 2.857 2.424 3.450 36.769 34.822

cont 09 m1m2 1.637 1.409 1.998 2.803 46.299 26.244

stat 01 m1m2 0.781 1.448 1.771 2.486 33.346 35.951

stat 02 m1m2 1.252 1.486 1.772 2.771 44.771 27.603

stat 03 m1m2 1.380 1.408 1.913 2.653 45.213 31.492

stat 04 m1m2 1.475 2.074 2.206 2.748 37.120 41.506

stat 05 m1m2 0.961 1.538 1.831 2.610 38.228 32.528

stat 06 m1m2 1.227 1.569 1.814 2.967 43.615 28.565

stat 07 m1m2 1.954 1.660 1.995 3.082 49.556 24.529

stat 08 m1m2 1.810 1.700 2.174 2.956 46.172 27.507

02Hz 01 m1m2 0.732 0.572 1.629 1.801 35.029 25.251

02Hz 06 m1m2 1.490 1.205 1.947 2.808 49.065 26.521

02Hz 09 m1m2 1.444 0.995 1.882 3.102 53.139 20.282

02Hz 10 m1m2 1.591 1.077 1.863 3.194 53.294 21.266

02Hz 11 m1m2 1.654 1.400 2.095 3.154 47.306 26.514

02Hz 12 m1m2 1.676 1.581 1.961 2.951 47.136 25.275

02Hz 13 m1m2 2.084 2.929 2.404 3.851 40.694 31.502

05Hz 01 m1m2 1.587 0.990 1.882 2.493 49.546 20.945

05Hz 02 m1m2 1.173 0.854 1.891 2.469 45.543 24.657

05Hz 08 m1m2 1.209 0.902 1.761 3.162 52.873 20.139

05Hz 09 m1m2 1.941 0.996 2.051 3.237 56.355 17.042

05Hz 10 m1m2 0.835 1.081 1.747 2.763 38.909 27.911

10Hz 01 m1m2 1.203 1.490 1.853 2.679 41.149 29.423

10Hz 02 m1m2 1.163 0.814 1.791 2.441 47.895 25.103

10Hz 04 m1m2 1.277 0.965 1.925 2.524 47.513 26.642
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126 C Supplementary data

Supplementary Data S2: Data - bone dynamic, morphometric parameters in trabecular bone
(continued)

Group Mouse Week BFR BRR MAR MRR MS ES

[%/day] [%/day] [µm/day] [µm/day] [%] [%]

10Hz 05 m1m2 2.051 2.345 2.874 3.146 38.587 35.291

10Hz 06 m1m2 2.831 5.862 6.697 4.314 19.888 69.700

10Hz 07 m1m2 3.160 0.849 2.250 3.468 63.594 12.824

10Hz 08 m1m2 1.784 0.663 2.105 2.316 51.858 21.157

10Hz 09 m1m2 2.050 1.024 2.300 2.323 47.556 25.246

cont 02 m2m3 1.035 1.352 1.777 2.803 43.224 27.198

cont 03 m2m3 1.269 1.336 1.845 2.647 44.427 27.339

cont 04 m2m3 1.570 1.543 2.053 2.772 44.595 30.691

cont 05 m2m3 0.972 1.568 1.815 2.805 38.684 31.263

cont 06 m2m3 1.715 2.736 1.982 3.623 41.730 27.442

cont 07 m2m3 1.448 2.259 1.934 3.056 40.000 32.467

cont 08 m2m3 1.813 1.925 2.450 2.911 40.171 32.544

cont 09 m2m3 1.566 1.614 2.038 2.829 43.256 31.672

stat 01 m2m3 0.929 2.100 1.722 3.273 38.615 30.948

stat 02 m2m3 1.967 1.841 2.361 2.731 42.110 33.670

stat 03 m2m3 1.618 1.367 2.108 2.646 44.938 32.135

stat 04 m2m3 1.433 2.960 2.397 3.443 33.435 38.923

stat 05 m2m3 1.422 1.808 2.097 2.914 41.327 31.692

stat 06 m2m3 1.446 2.110 1.983 3.306 42.925 31.653

stat 07 m2m3 1.746 1.718 2.192 2.990 44.670 30.159

stat 08 m2m3 1.464 1.855 1.929 3.151 45.698 29.733

02Hz 01 m2m3 0.801 0.811 1.660 2.142 35.414 27.164

02Hz 06 m2m3 1.487 1.043 1.975 2.808 49.560 26.188

02Hz 09 m2m3 1.669 1.181 2.091 3.158 55.120 22.214

02Hz 10 m2m3 1.339 1.491 1.877 3.307 50.827 25.234

02Hz 11 m2m3 1.524 1.188 2.152 2.753 47.828 25.977

02Hz 12 m2m3 1.811 1.581 1.914 3.267 53.127 23.849

02Hz 13 m2m3 2.141 1.362 2.113 3.091 54.430 20.301

05Hz 01 m2m3 2.006 0.658 1.904 2.964 63.119 12.405

05Hz 02 m2m3 1.011 0.561 1.641 2.510 53.420 15.879

05Hz 08 m2m3 1.252 1.056 1.877 3.206 51.166 23.053

05Hz 09 m2m3 1.904 0.851 2.055 3.164 58.119 17.314
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127

Supplementary Data S2: Data - bone dynamic, morphometric parameters in trabecular bone
(continued)

Group Mouse Week BFR BRR MAR MRR MS ES

[%/day] [%/day] [µm/day] [µm/day] [%] [%]

05Hz 10 m2m3 1.168 1.365 1.776 2.889 47.816 24.979

10Hz 01 m2m3 1.334 0.914 1.775 2.677 51.045 19.755

10Hz 02 m2m3 1.552 1.040 2.178 2.498 48.107 29.495

10Hz 04 m2m3 1.789 0.638 2.179 2.445 56.768 20.467

10Hz 05 m2m3 2.953 1.597 3.074 2.768 46.880 32.344

10Hz 06 m2m3 2.013 1.304 1.953 3.164 53.938 18.486

10Hz 07 m2m3 2.527 0.768 2.128 3.285 65.124 12.332

10Hz 08 m2m3 1.969 1.087 2.125 3.290 54.792 22.156

10Hz 09 m2m3 1.686 0.841 1.804 3.110 59.133 13.966

cont 02 m3m4 1.336 1.591 2.177 2.774 39.488 33.470

cont 03 m3m4 1.540 1.179 2.076 2.474 44.476 29.915

cont 04 m3m4 1.091 1.192 1.827 2.501 41.853 30.733

cont 05 m3m4 0.986 1.587 1.797 2.651 38.879 32.028

cont 06 m3m4 1.679 2.269 2.075 3.064 40.030 30.310

cont 07 m3m4 1.371 1.666 1.839 2.786 41.992 27.485

cont 08 m3m4 1.298 1.700 1.940 2.635 40.108 32.176

cont 09 m3m4 1.341 2.082 1.988 3.147 42.368 32.663

stat 01 m3m4 1.102 1.941 1.797 2.930 39.774 30.840

stat 02 m3m4 1.391 1.085 1.986 2.276 44.127 29.574

stat 03 m3m4 1.116 1.467 1.908 2.557 40.648 34.691

stat 04 m3m4 1.266 2.306 2.069 2.941 36.116 37.223

stat 05 m3m4 0.955 1.781 1.726 2.959 40.488 31.253

stat 06 m3m4 1.282 1.916 1.975 2.939 39.562 33.951

stat 07 m3m4 1.778 1.909 2.270 2.848 42.551 34.870

stat 08 m3m4 1.490 1.607 2.026 2.938 44.633 29.602

02Hz 01 m3m4 1.015 0.737 1.716 2.162 39.709 23.865

02Hz 06 m3m4 1.393 0.897 1.893 2.717 54.728 21.340

02Hz 09 m3m4 1.745 1.117 2.458 3.337 52.906 23.986

02Hz 10 m3m4 1.541 1.829 2.188 3.238 43.953 32.679

02Hz 11 m3m4 1.219 0.674 1.827 2.319 49.199 22.524

02Hz 12 m3m4 1.601 1.714 1.964 3.507 52.143 25.014

02Hz 13 m3m4 1.781 0.986 1.869 3.415 59.794 13.928
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128 C Supplementary data

Supplementary Data S2: Data - bone dynamic, morphometric parameters in trabecular bone
(continued)

Group Mouse Week BFR BRR MAR MRR MS ES

[%/day] [%/day] [µm/day] [µm/day] [%] [%]

05Hz 01 m3m4 1.427 0.699 1.724 3.007 61.449 13.821

05Hz 02 m3m4 1.019 0.555 1.719 2.211 50.103 19.894

05Hz 08 m3m4 1.080 0.819 1.789 2.573 49.988 23.204

05Hz 09 m3m4 1.809 0.776 2.151 2.840 57.710 20.234

05Hz 10 m3m4 1.319 1.313 1.814 3.093 51.770 21.998

10Hz 01 m3m4 1.926 0.837 2.154 2.584 54.374 21.393

10Hz 02 m3m4 1.701 0.897 2.274 2.434 50.987 27.924

10Hz 04 m3m4 1.560 0.711 2.190 2.504 54.607 22.962

10Hz 05 m3m4 1.377 0.530 1.791 2.127 52.760 19.397

10Hz 06 m3m4 2.172 1.170 1.981 3.307 61.215 16.469

10Hz 07 m3m4 2.012 1.225 2.285 3.592 56.172 22.131

10Hz 08 m3m4 1.350 0.955 1.786 3.385 57.490 19.313

10Hz 09 m3m4 1.680 0.771 1.996 2.619 54.017 21.388

cont 02 m4m5 2.109 1.503 2.538 2.882 46.229 32.266

cont 03 m4m5 1.836 0.991 2.341 2.333 46.206 28.595

cont 04 m4m5 1.649 1.596 2.334 2.642 41.732 35.412

cont 05 m4m5 1.582 1.799 2.237 2.783 41.307 33.494

cont 06 m4m5 1.853 3.286 2.191 3.694 38.425 32.343

cont 07 m4m5 1.300 1.448 1.817 2.643 43.044 26.906

cont 08 m4m5 1.037 1.525 1.834 2.736 38.544 30.735

cont 09 m4m5 1.121 1.523 1.838 2.640 40.680 31.710

stat 01 m4m5 1.649 2.094 2.107 3.020 43.510 30.138

stat 02 m4m5 1.167 1.163 1.956 2.372 41.971 30.095

stat 03 m4m5 0.663 1.505 1.696 2.412 33.105 37.844

stat 04 m4m5 1.285 2.393 1.906 3.147 40.534 30.914

stat 05 m4m5 1.299 2.211 2.004 3.496 42.051 30.746

stat 06 m4m5 1.557 2.497 2.282 3.194 37.421 35.798

stat 07 m4m5 1.144 1.936 1.884 2.907 39.379 33.036

stat 08 m4m5 1.221 1.767 1.869 3.169 44.276 29.186

02Hz 01 m4m5 1.145 1.107 1.742 2.465 42.238 25.454

02Hz 06 m4m5 0.829 0.649 1.660 2.440 48.777 21.637

02Hz 09 m4m5 1.276 1.011 2.065 3.170 52.182 24.346
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129

Supplementary Data S2: Data - bone dynamic, morphometric parameters in trabecular bone
(continued)

Group Mouse Week BFR BRR MAR MRR MS ES

[%/day] [%/day] [µm/day] [µm/day] [%] [%]

02Hz 10 m4m5 1.498 1.661 2.248 3.293 45.708 30.261

02Hz 11 m4m5 0.959 0.761 1.739 2.528 45.844 24.546

02Hz 12 m4m5 1.204 1.217 1.776 3.230 51.390 22.841

02Hz 13 m4m5 2.207 0.932 2.413 2.657 53.792 23.815

05Hz 01 m4m5 1.237 1.016 1.774 3.305 57.076 18.589

05Hz 02 m4m5 0.968 0.651 1.771 2.253 47.282 24.782

05Hz 08 m4m5 0.814 1.106 1.810 2.777 41.522 29.656

05Hz 09 m4m5 1.617 1.083 2.297 2.668 48.319 30.771

05Hz 10 m4m5 1.168 1.087 1.748 2.880 51.995 22.207

10Hz 01 m4m5 0.720 1.133 1.726 2.531 37.106 31.674

10Hz 02 m4m5 1.354 1.108 2.058 2.991 50.974 27.999

10Hz 04 m4m5 1.120 0.557 1.852 2.323 53.952 23.258

10Hz 05 m4m5 0.968 0.468 1.720 2.068 49.616 19.658

10Hz 06 m4m5 1.435 0.916 1.819 3.038 58.634 18.325

10Hz 07 m4m5 1.180 1.713 2.222 3.736 43.364 33.950

10Hz 08 m4m5 1.064 1.084 1.883 3.089 47.093 26.888

10Hz 09 m4m5 1.109 1.117 1.962 2.635 44.637 29.657

Supplementary Data S3: Data - bone morphometric parameters in cortical bone

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

cont 02 m1 1.861 0.746 41.165 0.141

cont 03 m1 1.857 0.780 43.315 0.153

cont 04 m1 1.652 0.754 46.969 0.159

cont 05 m1 1.850 0.830 46.093 0.159

cont 06 m1 1.773 0.703 40.903 0.144

cont 07 m1 1.749 0.696 41.121 0.139

cont 08 m1 1.926 0.768 41.272 0.148

cont 09 m1 1.768 0.710 41.642 0.145

stat 01 m1 1.829 0.735 41.214 0.144
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130 C Supplementary data

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

stat 02 m1 1.777 0.754 43.741 0.150

stat 03 m1 1.870 0.839 45.781 0.158

stat 04 m1 1.793 0.739 42.390 0.144

stat 05 m1 1.935 0.806 42.924 0.150

stat 06 m1 1.805 0.741 42.209 0.145

stat 07 m1 1.718 0.675 40.727 0.140

stat 08 m1 1.807 0.725 41.533 0.147

02Hz 01 m1 1.736 0.720 42.629 0.146

02Hz 06 m1 1.847 0.762 42.466 0.145

02Hz 09 m1 1.719 0.755 45.167 0.157

02Hz 10 m1 1.697 0.718 43.864 0.147

02Hz 11 m1 1.646 0.717 44.968 0.149

02Hz 12 m1 1.773 0.754 43.412 0.150

02Hz 13 m1 1.915 0.760 40.883 0.143

05Hz 01 m1 1.877 0.710 39.015 0.135

05Hz 02 m1 1.935 0.824 43.767 0.153

05Hz 08 m1 1.792 0.746 42.989 0.148

05Hz 09 m1 1.721 0.617 37.527 0.126

05Hz 10 m1 1.918 0.804 43.045 0.147

10Hz 01 m1 1.851 0.724 40.304 0.139

10Hz 02 m1 1.804 0.826 47.014 0.160

10Hz 04 m1 1.893 0.858 46.403 0.159

10Hz 05 m1 1.771 0.802 46.482 0.155

10Hz 06 m1 1.728 0.701 41.794 0.139

10Hz 07 m1 1.667 0.614 38.556 0.132

10Hz 08 m1 1.926 0.797 42.888 0.155

10Hz 09 m1 1.706 0.691 41.885 0.148

cont 02 m2 1.865 0.750 41.341 0.142

cont 03 m2 1.866 0.799 44.117 0.156

cont 04 m2 1.652 0.757 47.122 0.161

cont 05 m2 1.854 0.824 45.709 0.159

cont 06 m2 1.789 0.694 39.975 0.142
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131

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

cont 07 m2 1.759 0.700 41.094 0.138

cont 08 m2 1.937 0.777 41.471 0.150

cont 09 m2 1.770 0.723 42.265 0.146

stat 01 m2 1.836 0.729 40.826 0.144

stat 02 m2 1.786 0.777 44.721 0.153

stat 03 m2 1.870 0.835 45.601 0.158

stat 04 m2 1.794 0.726 41.729 0.143

stat 05 m2 1.934 0.787 42.005 0.151

stat 06 m2 1.808 0.750 42.620 0.147

stat 07 m2 1.747 0.700 41.402 0.143

stat 08 m2 1.813 0.732 41.755 0.148

02Hz 01 m2 1.754 0.732 42.971 0.148

02Hz 06 m2 1.858 0.769 42.571 0.145

02Hz 09 m2 1.728 0.773 45.974 0.159

02Hz 10 m2 1.698 0.739 45.041 0.152

02Hz 11 m2 1.646 0.747 46.697 0.154

02Hz 12 m2 1.798 0.788 44.665 0.154

02Hz 13 m2 1.908 0.759 40.928 0.146

05Hz 01 m2 1.879 0.733 40.076 0.139

05Hz 02 m2 1.934 0.839 44.568 0.154

05Hz 08 m2 1.810 0.773 44.010 0.151

05Hz 09 m2 1.741 0.656 39.238 0.132

05Hz 10 m2 1.924 0.811 43.300 0.149

10Hz 01 m2 1.862 0.739 40.816 0.140

10Hz 02 m2 1.813 0.836 47.385 0.163

10Hz 04 m2 1.903 0.865 46.504 0.160

10Hz 05 m2 1.768 0.809 46.955 0.158

10Hz 06 m2 1.738 0.727 43.012 0.144

10Hz 07 m2 1.694 0.652 40.088 0.136

10Hz 08 m2 1.930 0.829 44.398 0.157

10Hz 09 m2 1.722 0.723 43.206 0.149

cont 02 m3 1.873 0.764 41.888 0.143
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132 C Supplementary data

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

cont 03 m3 1.867 0.804 44.334 0.157

cont 04 m3 1.667 0.768 47.368 0.162

cont 05 m3 1.864 0.820 45.279 0.158

cont 06 m3 1.797 0.682 39.059 0.141

cont 07 m3 1.784 0.707 40.973 0.139

cont 08 m3 1.942 0.781 41.543 0.151

cont 09 m3 1.788 0.735 42.458 0.147

stat 01 m3 1.847 0.731 40.732 0.146

stat 02 m3 1.796 0.795 45.430 0.156

stat 03 m3 1.896 0.846 45.602 0.158

stat 04 m3 1.800 0.708 40.698 0.142

stat 05 m3 1.953 0.792 41.814 0.150

stat 06 m3 1.820 0.753 42.460 0.147

stat 07 m3 1.747 0.719 42.436 0.146

stat 08 m3 1.826 0.750 42.456 0.150

02Hz 01 m3 1.752 0.734 43.112 0.148

02Hz 06 m3 1.868 0.790 43.458 0.150

02Hz 09 m3 1.748 0.796 46.696 0.163

02Hz 10 m3 1.715 0.765 46.134 0.156

02Hz 11 m3 1.662 0.761 47.064 0.156

02Hz 12 m3 1.827 0.807 45.065 0.159

02Hz 13 m3 1.931 0.801 42.529 0.153

05Hz 01 m3 1.897 0.769 41.593 0.143

05Hz 02 m3 1.939 0.859 45.435 0.158

05Hz 08 m3 1.812 0.799 45.344 0.159

05Hz 09 m3 1.752 0.695 41.131 0.138

05Hz 10 m3 1.941 0.827 43.804 0.152

10Hz 01 m3 1.873 0.760 41.671 0.144

10Hz 02 m3 1.815 0.851 48.129 0.166

10Hz 04 m3 1.905 0.885 47.412 0.165

10Hz 05 m3 1.787 0.815 46.778 0.158

10Hz 06 m3 1.765 0.758 44.164 0.150
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133

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

10Hz 07 m3 1.715 0.699 42.202 0.145

10Hz 08 m3 1.960 0.872 45.839 0.164

10Hz 09 m3 1.745 0.764 44.892 0.153

cont 02 m4 1.870 0.777 42.587 0.146

cont 03 m4 1.879 0.812 44.497 0.158

cont 04 m4 1.682 0.777 47.447 0.163

cont 05 m4 1.876 0.825 45.256 0.160

cont 06 m4 1.805 0.687 39.169 0.141

cont 07 m4 1.792 0.718 41.356 0.141

cont 08 m4 1.950 0.781 41.298 0.150

cont 09 m4 1.801 0.751 43.095 0.151

stat 01 m4 1.861 0.746 41.175 0.147

stat 02 m4 1.803 0.806 45.824 0.158

stat 03 m4 1.886 0.843 45.705 0.158

stat 04 m4 1.813 0.700 39.996 0.142

stat 05 m4 1.968 0.797 41.834 0.151

stat 06 m4 1.833 0.760 42.552 0.149

stat 07 m4 1.761 0.730 42.726 0.149

stat 08 m4 1.831 0.763 43.136 0.153

02Hz 01 m4 1.764 0.745 43.501 0.149

02Hz 06 m4 1.895 0.817 44.289 0.153

02Hz 09 m4 1.766 0.817 47.391 0.168

02Hz 10 m4 1.723 0.791 47.396 0.162

02Hz 11 m4 1.668 0.778 47.890 0.159

02Hz 12 m4 1.842 0.819 45.259 0.161

02Hz 13 m4 1.950 0.844 44.226 0.160

05Hz 01 m4 1.910 0.796 42.670 0.148

05Hz 02 m4 1.943 0.881 46.396 0.163

05Hz 08 m4 1.827 0.821 46.168 0.162

05Hz 09 m4 1.778 0.738 42.876 0.146

05Hz 10 m4 1.953 0.845 44.448 0.155

10Hz 01 m4 1.891 0.783 42.435 0.147
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134 C Supplementary data

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

10Hz 02 m4 1.834 0.871 48.666 0.168

10Hz 04 m4 1.933 0.911 48.030 0.170

10Hz 05 m4 1.792 0.836 47.812 0.160

10Hz 06 m4 1.780 0.789 45.558 0.156

10Hz 07 m4 1.736 0.737 43.876 0.154

10Hz 08 m4 1.973 0.896 46.742 0.169

10Hz 09 m4 1.772 0.791 45.715 0.158

cont 02 m5 1.885 0.784 42.586 0.147

cont 03 m5 1.895 0.820 44.477 0.158

cont 04 m5 1.684 0.779 47.463 0.163

cont 05 m5 1.867 0.828 45.580 0.162

cont 06 m5 1.819 0.682 38.604 0.141

cont 07 m5 1.794 0.728 41.828 0.143

cont 08 m5 1.958 0.790 41.657 0.151

cont 09 m5 1.805 0.756 43.266 0.152

stat 01 m5 1.870 0.755 41.429 0.149

stat 02 m5 1.824 0.830 46.644 0.163

stat 03 m5 1.886 0.832 45.140 0.157

stat 04 m5 1.819 0.700 39.785 0.141

stat 05 m5 1.947 0.782 41.480 0.150

stat 06 m5 1.825 0.757 42.562 0.150

stat 07 m5 1.765 0.737 42.954 0.150

stat 08 m5 1.838 0.768 43.271 0.154

02Hz 01 m5 1.780 0.762 44.089 0.153

02Hz 06 m5 1.905 0.839 45.146 0.155

02Hz 09 m5 1.786 0.826 47.363 0.170

02Hz 10 m5 1.738 0.805 47.758 0.165

02Hz 11 m5 1.683 0.801 48.785 0.163

02Hz 12 m5 1.861 0.832 45.538 0.161

02Hz 13 m5 1.975 0.867 44.850 0.164

05Hz 01 m5 1.927 0.816 43.291 0.154

05Hz 02 m5 1.949 0.897 47.120 0.166
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135

Supplementary Data S3: Data - bone morphometric parameters in cortical bone (continued)

Group Mouse Measurement Tt.Ar Ct.Ar Ct.Ar/Tt.Ar Ct.Th

[mm2] [mm2] [%] [mm]

05Hz 08 m5 1.842 0.842 47.001 0.163

05Hz 09 m5 1.780 0.766 44.339 0.151

05Hz 10 m5 1.964 0.859 44.949 0.159

10Hz 01 m5 1.890 0.765 41.587 0.144

10Hz 02 m5 1.849 0.893 49.442 0.170

10Hz 04 m5 1.921 0.914 48.500 0.172

10Hz 05 m5 1.805 0.854 48.449 0.163

10Hz 06 m5 1.784 0.814 46.801 0.163

10Hz 07 m5 1.770 0.747 43.567 0.158

10Hz 08 m5 1.985 0.921 47.717 0.173

10Hz 09 m5 1.776 0.811 46.686 0.163
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