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In this paper, the theory of bone mechanoregulation under physiological loading was evaluated. The
entire right tibiae of wild type (WT, N = 5) and Parathyroid Hormone (PTH, N = 5) treated C57BL/6J
female mice were scanned using an in vivo uCT imaging system at 14, 16, 17, 18, 19, 20, 21 and 22
weeks. The PTH intervention started from week 18 until week 22. Subject-specific finite element (FE)
models were created from the uCT images and physiological loading condition was defined in the FE
models. The rates of changes in bone mineral content (BMC), bone mineral density (BMD) and bone
tissue density (TMD) were quantified over 40 anatomical compartments across the entire mouse tibia.
The resulting values were then correlated to the average 1% principal tensile strain (1) and the strain
energy density (SED) for every compartment at weeks 18, 20 and 22. It was found that: in both groups,
€ had a minimal effect on the variability of ABMC (p > 0.01); SED had a significant effect on the
variability of ABMC only in the WT group (p < 0.01); &; had a significant effect on the variability of
ABMD only in the PTH group (p < 0.01); SED had a significant effect on the variability of ABMD in
both groups (p < 0.01); neither SED nor &, had a significant effect on the variability of ATMD (p >
0.01). These results are the first to reveal the mechanism of bone mechanoregulation in the
physiological loading scenario.
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1. Introduction

Since the seminal work of Harold Frost in the 1960s,' the development of a quantitative
bone mechanoregulation theory has been a central research question for many researchers
in biomechanics and mechanobiology. First driven by the concerns associated with “stress
shielding” in the first generation of hip prostheses,?® then by the intense research on the
biomechanical mechanism of bone fragility in osteoporosis,®® the topic has received
massive attentions in the past. In spite of all these efforts, only in the last few years, the
development of in vivo micro computed tomography (LCT) imaging in small animals has
finally enabled the non-invasive observation of bone adaptations at tissue scale in vivo.
There are mainly two research groups who have made extensive efforts on this topic.
The first one is Ralph Mueller’s research team at ETH Zurich. They combined in vivo
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mechanical loading, in vivo UCT imaging and image registration to monitor the
remodelling of caudal vertebra ° and for the first time it was possible to non-invasively
monitor the changes in tissue morphology with an image resolution down to tissue scale
(10.0 pum). Using the same experimental set-up, Schulte et al. showed that a model,
assuming strain energy density (SED) as a mechanical stimulus, could predict well the
experimental results obtained by loading the sixth caudal vertebra with a cyclic load
ranging between 1.00 N and 9.00 N.2° In a follow-up study, they further showed that the
model could accurately predict the changes in BV/TV in various intervention groups
including mechanical loading, Parathyroid Hormone (PTH), and bisphosphonates.
Recently, in another study using the same methodology, they correlated the changes in
BV/TV with the mechanical stimulus of SED over six-week investigation, and found
significant correlations only in the loaded mouse group, not in the control group.'?
However, it should be noted that the correlations were analysed only in the cancellous bone
and the averaged properties were used, for example the bone volume fraction over the
entire volume of interest (VOI).

The other group who has made extensive work on this topic is the research team at
the Julius Wolff institute, Berlin. They proposed an alternative model which is similar to
the one proposed by Mueller’s team,*® but they focused on mouse tibia and used a
mechanical loading set-up that is similar to the one proposed by De Souza et al.** In a study
where the cancellous bone in the proximal tibia and a small cortical region at the tibial
midshaft were used as the VOlIs, they found that mechanical loading had an anabolic effect
on bone remodelling, but they could not find any correlation between the intensity of
loading and the rate of bone remodelling.*

Most of these studies confirm the existence of some mechanoregulation mechanism
for bone adaptation at the tissue scale. However, the studies which explored such
mechanism all involve para-physiological loading regimes, either very high 7 or very
low '8, Most researchers agree that a correlation exists between the intensity of mechanical
stimulus and bone adaptation under such para-physiological loading conditions. The
question that remains unanswered is: does this correlation remain significant when the
loading condition is close to that observed during daily life (i.e., physiological loading)?
Assuming the answer is positive, the second question is: which mechanoregulation
mechanism regulates bone adaptation in the physiological loading scenario?

A number of different mechanisms of bone mechanoregulation have been theorised,
but the most popular theories can be clustered into two families: the first one is the theory
proposing that bone cells are directly or indirectly mechanosensitive to the deformation of
mineralised extracellular matrix and respond with a certain degree of proportionality to the
intensity of such deformation;*®?° and the other one is the theory proposing that any
mechanical load produces more or less a microscopic damage in the mineralised
extracellular matrix, which is transduced into the cellular regulation via a number of direct
or indirect paracrine signallings.?*??> From a biomechanical point of view, the deformation
of the mineralised extracellular matrix and its micro-damage are closely related, and the
mechanisms of paracrine signalling, in which these two theories are involved, are very
different. Furthermore, people who are interested in using the theory of bone
mechanoregulation to guide the design of physical therapies?®2?* aiming to gain or preserve
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bone mass®2’, would reach very different conclusions if different theories of bone
mechanoregulation are used. Therefore, understanding the mechanism of bone
mechanaregulation in the physiological loading scenario is important.

The aim of the present study is to investigate the mechanism of bone
mechanoregulation under the physiological loading, i.e., investigating the correlation
between the rate of changes in bone densitometric parameters (quantified from in vivo uCT
images) and the bone mechanical parameters (estimated from subject specific finite
element models of mouse tibia) when the tibia is subjected to physiological loading.

2. Materials and Methods

2.1. Quantification of the changes in densitometric parameters of mouse tibia

The in vivo uCT image datasets collected from the NC3Rs project were used in this study
to quantify the changes in densitometric parameters of mouse tibia. In summary, ten 13-
week-old C57BL/6J female mice were purchased from Harlan Laboratories (Bicester, UK).
They were housed in the University of Sheffield’s Biological Services Unit with a twelve-
hour light/dark cycle at 22°C and free access to food and water. At 18-week-old, some
mice were given a daily intraperitoneal injection of PTH (hPTH 1-34, Bachem, Bubendorf,
Switzerland) at 100ng/g/day 7 days a week. PTH was prepared in 1% acetic acid and 2%
heat inactivated mouse serum in HBSS (Hank’s Balanced Salt Solution, Gibco®). The
treatment lasted until 22-week-old (the end of experiment). Based on the intervention, the
mice were divided into wild type (WT, N =5) and PTH treated (PTH, N = 5) groups. The
entire right tibia of the mouse was scanned using an in vivo uCT imaging system (vivaCT
80, Scanco Medical, Bruettisellen, Switzerland) (Figure 1). A baseline scan was performed
at week 14, and then follow-up weekly scans were performed starting from week 16 until
week 22. The scanner was operated at 55 keV, 145 pA, 32 mm FOV, 1500/750
samples/projections, 200ms integration time and a nominal isotropic image voxel size of
10.4 pum. A third-order polynomial beam hardening correction algorithm, which was
provided by the manufacturer and determined using the 1200 mg HA/cm?® wedge phantom,
was applied to all the scans. The image grayscale values were converted into HA-
equivalent volumetric bone mineral density (BMD) values using the calibration law
suggested by the manufacturer and based on weekly quality check performed using a five-
rod densitometric calibration phantom. All the procedures were complied with the UK
Animals (Scientific Procedures) Act 1986, reviewed and approved by the local Research
Ethics Committee of the University of Sheffield (Sheffield, UK).

At the mouse age of 14 weeks, the axial growth of C57BL/6J mouse tibiae is small
but still significant. Therefore, a partitioning protocol, where the regions of interest were
scaled between time points, was developed by assuming an affine growth along the
proximal—-distal (longitudinal) axis of mouse tibia.?® As a result, the volume in the same
partition compartment for the same mouse would change between time points but would
be maintained at the same anatomical location. The partitioning protocol has been well
documented in a previous study.?® In brief, for every mouse, the 3D image dataset obtained
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from the first scan (week 14) was translated to align its longitudinal axis to the z-axis of
the image system and then rigid registration was used to assure that all the images were
placed in the same reference system (Amira 5.4.3, FEI Visualization Sciences Group,
France). All follow-up pCT scans were then aligned to their corresponding first scans in a
stepwise registration manner (Figure 2a-c). For every scan, the tibial length (defined as
the distance between the most proximal and distal bone voxels in the tibial longitudinal
axis) was determined and then a region of 80% of tibia length was cropped out starting
from the distal end of the proximal growth plate and was chosen as the volume of interest
(VOI) (Figure 2c). The fibula was removed from the tibial VOI. The VOI was then
partitioned into 10 sections in the longitudinal direction with an equal length. The resulting
sections were further divided into four angular compartments centred at the centre of mass
of every cross-section, and oriented in the medial, lateral, anterior, and posterior directions
(Figure 2d).

Before calculating the densitometric parameters, the grayscale images were firstly
smoothed using a Gaussian filter (convolution kernel [3 3 3], standard deviation = 0.65) in
order to reduce the effect of image noise. The bone mineral density (BMD), obtained using
the approach of phantom calibration, was summed up over every compartment in order to
provide the Bone Mineral Content (BMC) values at every anatomical location, at every
time point, and for every animal. The grayscale image datasets were binarised using a
threshold value, which is 25.5% of the maximal grayscale value. ?° Then Bone Volume
(BV) and Total Volume (TV) were calculated for every compartment. In every
compartment, BMD was calculated by dividing BMC by TV and Tissue Mineral Density
(TMD) was calculated by dividing BMC by BV. All calculations were performed using an
in-house developed Matlab script (Matlab v2015a, the Mathworks, Inc. USA).

2.2. Quantification of mechanical parameters of mouse tibia

In order to explore the correlations between the rate of changes in bone densitometric
parameters and the bone mechanical parameters in the spatiotemporal space, the average
values of mechanical parameters in every anatomical compartment at every time point were
determined for every mouse. Strain energy density (SED) and the 1% principal strain (g1)
were selected as the mechanical stimuli in the present study, because SED is a resultant
bone stimulus widely used in literature and highly correlated to the activities of bone
adaptation, and ¢ is a parameter associated with mode | (opening) bone fracture, which is
the principal mode of bone fracture.

To compute SED and ¢; under physiological loading condition, subject-specific finite
element (FE) models of mouse tibia for every mouse at every time point were generated
(Figure 2f). In detail, the image datasets of tibial VOI were first smoothed with a Gaussian
filter (sigma = 1.2, support = 2.0) and then binarised into bone and background using a
fixed threshold, i.e., 25.5% of the maximal grayscale value,?® corresponding to the valley
region between the two peaks in the histograms. Then a connectivity filter was applied to
remove the unconnected bone islands in the binary images. The resulting dataset was
directly converted into a pFE Cartesian, 8-node hexahedral element mesh using a well-
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established procedure.®® The mechanical properties of the mineralised bone tissue were
assumed to be homogenous, isotropic, and linear elastic, with an elastic modulus of 14.8
GPa, and a Poisson’s ratio of 0.3.31:32

Physiological loading condition was defined in the FE models. In brief, the proximal
end of the mouse tibia was fully constrained and the resultant forces generated at the distal
end during normal locomotion were worked out using an inverse dynamics analysis %, in
process of which an instantaneous static equilibrium between the ground reaction force and
the force of calf muscle was assumed. In the analysis, the horizontal component of the
ground reaction force in the medial-lateral direction was neglected assuming the hind-limb
motion was planar. The resultant axial and anterior-posterior forces applied on the distal
end of mouse tibia were calibrated by matching the average strains (predicted from FE
models of 12-week-old female mice) with those reported by De Souza et al. who
experimentally measured the strains at the same sites during normal locomotion in a 12-
week-old female mouse (Figure 3).!4 Because the mouse used in the FE modelling is
different from that used in the experiment, five FE models of mouse tibia were created and
the predicted strains averaged over all the FE models were compared with the experimental
measurements reported by De Souza et al. On the other hand, because it is not clearly the
direction of the strains measured from the strain gauges in the experiment, both the
principal strains and the strain along the longitudinal direction of mouse tibia were obtained
from the FE modelling and compared with experimental measurements. The resultant
forces were calibrated until a match between the FE predicted strains and the experimental
measurements was reached, which resulted in a force of 1.0 N along the tibial longitudinal
axis and a force of 0.02 N along the tibial anterior-posterior axis for a mouse at a weight
of 24.0 mg. The resultant forces, determined from the calibration process, were then scaled
to the weight of every mouse and applied on the distal end of mouse tibia for every FE
model at every time point. The FE models were solved using Ansys (Release 14.0.3,
ANSYS, Inc.) on a workstation (Intel Xeon E-5-2670. 2.60 GHz, 256 GB RAM). The FE
predicted values of elemental SED and the e; at the centroid of every element were then
averaged over every anatomical compartment. These values were used as the mechanical
stimuli in the investigation of bone mechanoregulation mechanism in the following
sections.

2.3. Statistical analysis

The data from the wild type (WT) and PTH-treated (PTH) mouse groups were analysed
separately. The changes in BMC, BMD and TMD over time were assumed to depend on
individual mouse (MouselD), the age of mouse (MouseAge), the spatial location
(Compartment) and the mechanical stimulus (SED and/or ;). This assumption is based on
two reasons: first, every mouse has a significantly different initial BMC value and different
evolutions of BMC over time; second, there is still a non-negligible skeletal growth in
C57BL/J6 female mouse at 14-week-old, and the magnitude of skeletal growth is different
in different regions of mouse tibia (e.g., the growth near the growth plates is larger than
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that in the midshaft), and thus the inclusion of Compartment as an independent variable in
the model is necessary in order to capture the region-dependent skeletal growth.

The changes in the bone densitometric parameters (BDP) (BMC, BMD and TMD)
between two consecutive time points ti and ti., were calculated using the following
equation:

BDP(t;,,)—-BDP(t;)

ABDP(t;) = 2222 (1)

where, ABDP(t;) and ABDP(ti+2) are the changes in bone densitometric parameters (BMC,
BMD and TMD) at the time point tjand ti+, respectively.

Based on preliminary results, a time-step of two weeks was adopted as the best
compromise between smoothness of ABMC and temporal resolution. The analysis was
limited to the interval from week 18 to week 22, in order to ensure that both intervention
groups were equally sampled (because PTH data were available only from week 18). This
resulted in 40 (compartment) x 5 (mouse) x 3 (time interval) = 600 data points for each
group of mouse.

The correlation between the rate of changes in BMC, BMD, and TMD and the
MouselD, MouseAge, Compartment, and mechanical stimulus (either SED or 1), was
analysed using one-way factorial analysis ANOVA. Shapiro-Wilk normality test was used
to check the normality of the residuals, and Bartlett test was used to check the
homoscedasticity. Only the first-order effect was considered. Type 111 marginal Sum of
Squares was used to calculate the probability, hereinafter simply referred as p. All the
analyses were conducted using the free program R (https://www.r-project.org/). Probability
of type | error was set to o = 99%, i.e., p < 0.01 was considered statistically significant.

3. Results
3.1. Validation of the strains predicted by the FE tibial model

The strain values, predicted by the FE models at the locations where strain gauges were
attached, were found to be in a good agreement with the experimental measurements
(Figure 4). The strain values, measured by De Souza et al., were -300 pe at the medial site
and 200 pe at the lateral site. With the boundary conditions calibrated, the FE models
predicted an average normal strain of -278 + 21 pe at the medial site, and 193 £ 18 pe at
the lateral site; and an average 3™ principal strain of -292 + 20 pe at the medial site, and an
average 1% principal strain of 208 + 17 pe at the lateral site.

3.2. Correlations between mechanical stimuli and bone adaptation parameters

Tibial length continuously increased from week 14 to 22, but the magnitudes of increase
were small in both groups. Taking the values at week 14 as baseline, tibial length increased
by 3.21 % and 4.23% at week 22 in the WT and PTH groups, respectively (Figure 5). The
distribution of the 1% principal strain and the strain energy density over mouse tibia did not
vary too much either across the groups or across the ages (Figure 6).
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All probabilities analysed by the ANOVA models are reported in Table 1. The
MouselD had a significant effect on the variabilitiy of ABMC, ABMD and ATMD in both
groups (p < 0.001), which confirms that every mouse behaved differently, and justifies the
need for subject-specific FE models to calculate the mechanical stimuli. The effect of
MouseAge on these densitometric parameters was significant (p < 0.001) in all analyses
except for the BMC in the PTH group. In both groups, the effect of Compartment was
significant for BMC and BMD (p < 0.001), but not for TMD (p > 0.01).

In both groups, &1 had a minimal effect on the variability of ABMC (p > 0.01). SED
had a significant effect on the variability of ABMC only in the WT group (p < 0.01), and
not in the PTH group (p > 0.01). In both groups, SED had a significant effect on the
variability of ABMD in both groups (p < 0.01). However, &1 had a significant effect on the
variability of ABMD only in the PTH group (p < 0.01), and not in the WT group (p > 0.01).
In both groups, neither SED nor ¢; had a significant effect on the variability of ATMD (p
>0.01).

4. Discussion and Conclusion

In the present study, the correlations between the rate of changes in bone densitometric
parameters and the bone mechanical parameters were investigated in mouse tibia
(subjected to physiological loading condition) using the approach of in vivo uCT imaging
and subject-specific finite element modelling.

In the present study, the variations in three densitometric parameters were investigated,
i.e., BMC, BMC and TMD. It should be noted that ABMC represents the changes in bone
mass caused by both bone modelling and remodelling; ABMD mostly represents the
changes induced by bone adaptation at the porosity level and ATMD represents the changes
induced by bone adaptation at the tissue mineralisation level. It is revealed in the present
study that MouselD is significant in all ANOVA models, indicating the importance of
subject-specific modelling. MouseAge is significant in most ANOVA models except for
ABMC in the PTH group. The reason for this exception could be that PTH treatment boosts
the increase in BMC3* and the effect of treatment is so strong that it flattens the effect of
time and age. The spatial compartment is significant in most ANOVA models except for
ATMD in both WT and PTH groups, which indicates that tissue mineralisation (represented
by TMD) changes over time (MouseAge) but not across the anatomical space
(Compartment). The result that ATMD has no correlation with either SED or g1 implies
that the rate of change in bone mineralisation could be primarily regulated by mouse age,
and that the degree of bone mineralisation is not altered during bone adaptation. This result
is in agreement with literature data 3 35 36,

Regarding the mechanical parameters, it is revealed in the present study that SED
significantly contributes to the variability of ABMD in both WT and PTH groups. It has
been found in the previous studies that the changes in BV/TV are significantly correlated
with SED under para-physiological loading.’> However, to the best of the authors’
knowledge, the present study is the first to provide the evidence that the rate of changes in
BMD is significantly correlated with SED under physiological loading. Considering the
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average loads (and the associated strains) are fairly low (average strains around 600 L)
under physiological loading, challenges to the idea of “Lazy Zone” are also raised, i.e., a
range of SED values that do not elicit any mechano-adaptation response.* However, it
should be noted that the observation in the present study is a limited phenomenon (i.e., for
very small SED values) under the influence of many confounding factors, and thus the
statistical significance that supports the conclusions is somehow modest.

The results on the 1% principal tensile strain (g1) are more complex to be interpreted.
€1 was found to be significantly correlated with ABMD in the PTH group, but not in the
WT group. There are two possible interpretations for this observation: the first one is that
PTH stimulus amplifies the bone response in BMD to the mechanical stimulus, and thus
pushes the mechanical indicators (SED and 1) to be significantly correlated with ABMD.
In other words, the PTH stimulus acts as a confounding factor; the second possible
explanation is that different mechanisms of bone mechanoregulation may coexist in reality,
but predominately at different loading levels. In the WT group, the response to &; is so
small that it gets shadowed by the much stronger response of SED, whereas in the PTH
group, the increased sensitivity of bone mechanoregulation makes both effects evident. It
would be much more challenging to confirm such combined theory than the binary
falsification of one versus the other, because of two main reasons: first, a modified
longitudinal protocol needs to be developed to quantify not only the changes in BMC, but
also the micro-cracks induced in the mineralised matrix and the number of Bone
Remodelling Units activated at every time step. Both of these can be quantified only
histologically, and thus some new methods that allow an indirect non-invasive estimation
would be required. Second, para-physiological conditions need to be induced so that the
repair-related and the non-repair-related bone remodelling events can be regulated
somehow independently. This poses considerable challenges, and calls for future research.

It should be noted that in the present study, the homogeneous uFE models instead of
heterogeneous models are used. There are two main reasons for this: first, the local value
of bone mineral density in every voxel may be affected by image noise and it has been
showed in a previous study that the BMC vales at the image voxel level (10.0 um) are not
reproducible, but have a good reproducibility over a larger bone volume of interest (much
larger than the image voxel size); ?® second, one previous study showed that the tissue
mineralization was stable in both WT and PTH groups across mouse tibia from week 14 to
week 22%* and thus homogeneous and heterogeneous uFE models could be equivalent in
capturing the longitudinal changes in bone mechanical behaviour.

There are a couple of limitations related to the present study. First, there might be
unknown effect of ionising irradiation (due to the in vivo PCT imaging) on the
densitometric and mechanical properties of mouse tibia. However, considering the fact that
all animals received the same amount of irradiation, even if there is a systemic effect of
imaging irradiation, it can be assumed that the effect would be the same across the mice
compared. Second, a homogeneous longitudinal growth of mouse tibia was assumed in the
present study, while in reality the long bone grows in an anisotropic way that bone
formation is progressed from the epiphyseal plate to the region of midshaft. However, the
magnitude of increase in tibial length was small in both groups: taking the values at week
14 as reference, the maximal increases were 3.21% and 4.23% in the WT and PTH groups,
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respectively. Therefore, the influence of assuming a homogeneous longitudinal growth of
mouse tibia on the results, presented in the present study, is minimal.

In summary, it is revealed in the present study that under physiological loading
condition, the correlations between the rate of changes in BMD and BMC and the
mechanical parameters (SED and &,) are different in the WT and PTH groups, and ATMD
has no significant correlation with either SED or &1 in both groups. This study is the first to
explore the mechanism of bone mechanoregulation in the physiological loading scenario.
However, the results are preliminary and more future investigations on this topic are needed
to guide the design of physical therapies aimed to gain or preserve bone mass.
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In vivo

— scanning

Plastic wires

(a) Fixation of animal (b) vivaCT 80 (c) UCT images

Fig. 1. Workflow for obtaining the pCT images of mouse tibia. The mouse was
anesthetized and the tibia was fixed (a). The entire tibia was scanned using the system of

vivaCT 80 (b). The uCT images at the resolution of 10.0 pm were obtained.
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Fig. 2. Workflow for investigating the correlations between the rate of changes in
densitometric parameters and the mechanical parameters of mouse tibia. The tibiae were
processed and partitioned into 40 compartments (a - d). First, they were rigidly registered
using a stepwise manner (a, b and c). A region of 80% of the entire tibia was selected as
the volume of interest (VOI) and partitioned into 40 compartments (d). Finite element (FE)
models were generated from tibial VOIs and the results were partitioned into 40
compartments accordingly (f). Then, the correlation between the the rate of changes in
tibial densitometric parameters and its mechanical parameters were investigated in the
spatiotemporal space. (In the figure, A, M, P and L represents Anterior, Medial, Posterior
and Lateral, respectively)
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FE modeling [the present study] Experiment [De Souza et al., 2005]

Fixed in all degrees—

of freedom
Lateral (a)

Cross-
—
sectionb

Forces along Medial (b)

longitudinal and
anterior-posterior.

(a) directions (b)
No
Strains at medial Strain at medial site: -300 pe
and lateral sites Strain at lateral site: 200 pe
Yes

Use the calibrated forces scaled to mouse
body weight as loading conditions

Fig. 3. Workflow for the determination of physiological loading condition defined in the
finite element (FE) model of mouse tibia. FE model of mouse tibia was created (a) and the
strains at the locations where strain gauges were attached during experiment were extracted.
The strain values predicted by the FE model were compared with the corresponding
experimental values (b) recorded during normal locomotion. The forces defined in the FE
model were calibrated until the values between the FE prediction and the experimental

measurement were close to each other.
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Fig. 4. Comparisons of the in vivo experimental data with the strains predicted by the finite

element (FE) models of mouse tibia. The data of FE simulations are presented as the mean

+ one standard deviation.
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Fig. 5. The longitudinal changes of tibial length in the WT and PTH groups. Data are

presented as the mean * one standard deviation of tibial length in the WT and PTH groups.
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Fig.6. Distribution of the 1% principal strain and the strain energy density over mouse tibiae.
All the images of mouse tibiae were plotted with the same view angle. The images of week

14 and 22 came from the same mouse in the WT and PTH groups, respectively.
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Table 1. Probability values (p-values) for all the ANOVA models (significant values are
highlighted in bold)

Groups  Dependent Variable  MouselD  MouseAge  Compartment SED €1
WT ABMC 7.37e-08 4.03e-15 <2.2e-16 0.0061
WT ABMC 2.60e-08 8.17e-16 <2.2e-16 0.1087
WT ABMD 6.11e-16  <2.2e-16 <2.2e-16 0.0021
wWT ABMD 3.05e-16 < 2.2e-16 <2.2e-16 0.1014
wWT ATMD 1.61e-03 2.42e-03 0.2007 0.8734
wWT ATMD 1.57e-03 1.94e-03 0.1824 0.8285
PTH ABMC <2.2e-16 0.7610 2.55e-14 0.2417
PTH ABMC < 2.2e-16 0.9380 6.75e-14 0.9445
PTH ABMD 4.70e-14  <2.2e-16 6.96e-14 3.16e-05
PTH ABMD <22e-16 <2.2e-16 <2.2e-16 4.07e-08
PTH ATMD 3.68e-08 1.26e-15 0.0112 0.0122
PTH ATMD 1.03e-07 8.51e-15 0.1080 0.0826
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