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Abstract

Bone remodelling is performed by basic multicellular units (BMUs) that resorb and subsequently form discrete
packets of bone tissue. Normally, the resorption and formation phases of BMU activity are tightly coupled
spatially and temporally to promote relatively stable bone mass and bone quality. However, dysfunctional
remodelling can lead to bone loss and is the underlying cause of osteoporosis. This review surveys how
BMU activity is altered in postmenopausal, disuse and glucocorticoid-induced osteoporosis as well as the
impact of anabolic and anti-resorptive pharmaceutical treatments. The dysfunctional remodelling observed
during disease and following medical intervention bares many testable hypotheses regarding the regulation
of BMU activity and may provide novel insights that challenge existing paradigms of remodelling dynamics,
particularly the poorly understood BMU coupling mechanisms. Most bone remodelling research has focused
on trabecular bone and 2D analyses, as technical challenges limit the direct assessment of BMU activity in
cortical bone. Recent advances in imaging technology present an opportunity to investigate cortical bone
remodelling in vivo. This review discusses innovative experimental methods, such as 3D and 4D (i.e. time-
lapsed) evaluation of BMU morphology and trajectory, that may be leveraged to improve the understanding
of the spatio-temporal coordination of BMUs in cortical bone.
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tomography continuous turnover is achieved by a temporary
IL interleukin collection of cells known as a BMU (Frost, 1969). In
MEPE matrix extracellular cortical bone, BMUs create a tunnel-like remodelling

phosphoglycoprotein space in which a cutting cone formed by osteoclasts
orG osteoprotegerin erodes the bone matrix and is subsequently filled
OvX ovariectomised by osteoblasts forming new bone in the closing
PTH parathyroid hormone cone (Fig. 1b). The finished product is a secondary
RANK receptor activator of nuclear factor ~ osteon (i.e. Haversian system), whose diameter and
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wall thickness are indicative of the amount of bone
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resorbed and formed, respectively, by a single BMU
(Fig. 1a). Although the mechanisms that govern the
reversal of bone resorption to bone formation are still
not well understood, these two phases are believed
to be strongly coupled both spatially and temporally
(Andersen ef al., 2013; Parfitt, 1982). A remodelling
event is considered to be balanced when the amount
of bone resorbed and formed is equal such that the

Pore cross-section
B Osteoblast
@ Osteoclast
= Eroded space

B Osteoid
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Fig. 1. Schematic of a BMU in cortical bone. (a)
Sectioned view of cortical bone illustrating the
osteonal structure resulting from remodelling by
BMUs and the common measurements of osteon
morphology — osteon diameter and wall thickness
— indicative of BMU activity. (b) Schematic of a
BMU and (c) its relationship to osteon structure in
uncoupled, imbalanced and balanced conditions.

Sham/Control Ovariectomy

overall porosity and bone mineral density remain
relatively constant. Excessive or dysfunctional (i.e.
imbalanced or uncoupled; Fig. 1¢) BMU activity
can drastically increase the intracortical porosity
and is a hallmark of common bone diseases such as
osteoporosis (Kenkre and Bassett, 2018).

Increased cortical porosity explains up to 76 % of
the variance in bone strength (McCladen ef al., 1993)
and is a primary risk factor for fragility fractures
(Bjornerem, 2016; Pisani et al., 2016; Ramchand and
Seeman, 2018; Zebaze et al., 2010). Pores decrease bone
strength by both reducing the load-bearing capacity
and by acting as stress concentrations (Currey, 1962;
Hernandez et al., 2006; Wachter et al., 2002). Pores
diminish the total amount of material available to
withstand a given load and, therefore, decrease the
bone’s load-carrying capacity. Additionally, pores are
stress concentrators in the bone matrix that locally
elevate the stress, making surrounding regions
more susceptible to developing and accumulating
microcracks (Loundagin et al., 2020; Nicolella et
al., 2006). Cavities of various sizes and functions
contribute to cortical porosity, most notably,
osteocyte lacunae and vascular canals (Cooper et al.,
2016). However, given that BMU activity dictates the
morphology of the canal network and is the focus of
the present review, cortical porosity herein refers to
the latter.

The more abundant and larger canals associated
with age-related and pathological bone loss (Fig. 2)
are primarily driven by a high rate of remodelling
and a negative balance in BMU activity (Andreasen et
al., 2018). Even when balanced, faster bone resorption
relative to a slower rate of formation may create a
transient, albeit potentially reversible, increase in

Parathyroid hormone

Glucocorticoids

Fig. 2. Intracortical remodelling in rabbit tibiae from various treatment groups. (Top) Representative
transverse cross-sections of rabbit tibiae from various treatment groups imaged using differential
interference contrast and fluorescent confocal microscopy. Active bone formation is labelled with calcein
(green fluorescent signal). Note: calcein labels are absent from the glucocorticoid-treated rabbits due to
deficient bone formation. (Bottom) 3D uCT images (nominal resolution = 10 um) of the corresponding
specimen illustrating the intracortical porosity related to remodelling cavities (red). Data and images

courtesy of Dr Kim Harrison (Harrison et al., 2020a).
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porosity (Martin, 1991). Emerging evidence also
suggests that slower resorption may delay or even
completely inhibit the onset of bone formation (i.e.
uncoupling) (Lassen et al., 2017). Both scenarios
illustrate the delicate and intertwined nature of
bone resorption and formation and how their spatio-
temporal relationship determines the success of a
given remodelling event. Additionally, prolonged
intracortical remodelling increases the density of
pores, which may merge, creating fewer but markedly
larger pores (Andreasen et al., 2018; Bell et al., 2001).
Therefore, the aspects of BMU activity that dictate
intracortical porosity are 1) the activation frequency
(i.e. birth rate) of BMUs; 2) the relative volumes of
bone resorbed and formed; 3) the spatio-temporal
relationship between bone resorption and formation;
4) the spatial distribution and trajectory of BMUs (i.e.
coalescence of active BMUs and/or existing canals).

These four parameters are believed to be altered
with age and disease and, as such, are the target of
many therapeutic strategies attempting to mitigate
the deleterious effects of dysfunctional remodelling
(Kenkre and Bassett, 2018). Bone loss in both primary
(e.g. senile or postmenopausal) and secondary
(e.g. disease- or drug-induced) osteoporosis is a
consequence of accelerated bone turnover and a
net increase in bone resorption. Pharmaceutical
treatment of osteoporosis is typically categorised
into 2 approaches, anabolic and anti-resorptive
therapies. PTH and romosozumab are anabolic
therapies that increase bone mass by stimulating bone
formation (Aslan et al., 2012). More commonly used
anti-resorptive treatments, such as bisphosphonates
and denosumab, reduce bone resorption by limiting
osteoclastic activity (Baron et al., 2011). Despite the
prevalence of osteoporosis and moderate success of
pharmaceutical treatments in preventing fragility

fractures (Sozen et al., 2017; Vandenbroucke et
al., 2017), the intricacies of pathophysiological
bone remodelling and the role of pharmaceutical
interventions in restoring remodelling dynamics at
the BMU-level are largely unknown.

This knowledge gap is especially evident for
cortical bone, as most bone remodelling research has
focused on trabecular bone loss. This is exacerbated
by the fact that the spatio-temporal coordination
of BMUs remains a challenge to observe directly in
vivo. Current understanding of 3D BMU morphology
in cortical bone comes from a limited number of
studies utilising serial sectioning (Fig. 3a); however,
these data are inherently static and provide merely
a snapshot of BMU activity. Knowledge of dynamic
(i.e. time-lapsed) BMU activity is largely derived
from dynamic histomorphometry studies in which
fluorochrome labelling of newly calcified bone at
multiple timepoints allows calculation of mineral
apposition and bone formation rates (Fig. 3b).
Importantly, dynamic histomorphometry only
provides a direct assessment of the formative phase
and aspects of the resorptive phase can only be
inferred indirectly. Furthermore, the detection of
fluorochrome labels can be highly variable depending
on the status of the closing cone at the time of label
administration or biopsy (Buenzli et al., 2014) and
possibly undetectable if bone formation is impaired
or uncoupled, as is the case of glucocorticoid-induced
osteoporosis (Dalle Carbonare et al., 2005; Jensen et
al., 2015).

Identifying how and why BMU activity varies is
crucial to better understand the physiological and
pathophysiological process of bone remodelling
as well as an essential component in managing or
preventing associated bone loss. The ability of current
methods to directly assess BMU activity is limited.

Fig. 3. The variety of techniques used to investigate bone remodelling. (a) Bone histomorphometry
can detect the presence and spatial relationship of cells as well as characterise activity-specific surfaces.
This histological longitudinal section of a BMU in the fibula of a 65-year-old man stained with Masson’s
trichrome illustrates the presence of osteoclasts (black arrowheads) distributed along the eroded surface
(ES) of the cutting cone, up to the point where bone formation begins on the osteoid surface (OS). (b)
Dynamic histomorphometry uses fluorochrome labelling of newly calcified bone to quantify changes
in bone formation as a function of time. Calcein (green) and alizarin red labels administered every 14 d
demonstrate the active bone formation occurring in the canine tibia under loading conditions. (c¢) uCT and
(d) SR pCT imaging are non-destructive techniques that allow a 3D perspective on intracortical porosity,
which is essential in understanding the activity of a BMU over its lifespan. (c) The fusion of uCT and 2D
histology illustrates the complexity of the microarchitecture extending beyond what is seen in a 2D section,
and SR uCT has the capability to capture minute details such as the cement lines (i.e. osteon borders)
surrounding the (d) vascular canals. All figures were used with permission from the copyright owner and
reprinted from the following publications: (a) Lassen et al., 2017; (b) Hui et al., 2016; (c) Hennig et al., 2015;
(d) Maggiano et al., 2016.
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At best, the dynamic nature of only the formative
phase is quantifiable and the coordination of the
resorptive and reversal phases remains elusive. The
present review examines how specific parameters
of BMU activity may be altered in osteoporosis
(postmenopausal, disuse and glucocorticoid-
induced) and with pharmaceutical therapies,
including anabolic (PTH and romosozumab) and
anti-resorptive treatments (bisphosphonates and
denosumab). This is followed by a discussion on
existing and future experimental methods that may
be leveraged to improve the understanding of the
spatio-temporal coordination of BMUs.

Altered BMU activity in disease and with drug

Changes in remodelling dynamics at the BMU-level
are typically evaluated by the amount and rate of
bone resorption and formation. Resorptive activity
is quantified by erosion depth, erosion period and
abundance as well as the length of eroded surfaces.
Erosion surfaces are typically defined as scalloped
surfaces that may be active (osteoclasts are present)
or inactive (without osteoclasts). The erosion period
represents the average time taken to resorb the osteon
cavity butis an indirect measurement based on labels
of bone formation. In trabecular bone, erosion depth
is the depth of the cavity relative to an adjacent bone
surface and indicates the amount of bone resorbed
by a single BMU, similar to the measurement of
osteon diameter used in cortical bone (Fig. 1a). Bone
formation in both cortical and trabecular bone is
assessed by mineral apposition rate, wall thickness as
well as length and number of mineralising surfaces.
Mineral apposition rate represents the linear rate
of new bone deposition, measured as the distance
between two consecutive fluorochrome labels divided
by the labelling period. Mineralising surface is based
on the extent of the labelled surface to describe the
amount of mineralisation at a particular time. The
following section reviews the underlying processes
that alter these variables, how they contribute to bone
loss in postmenopausal, disuse and glucocorticoid-
induced osteoporosis, and discusses several drug
treatments that manipulate parameters of BMU
activity to restore remodelling dynamics.

Osteoporosis

Postmenopausal osteoporosis

Postmenopausal osteoporosis, a primary form of
the disease, is a common bone disorder caused by
oestrogen deficiency. Under normal conditions,
oestrogen has a protective effect on bone, limiting the
differentiation and activity of osteoclasts. Oestrogen
suppresses TNF and IL-1, cytokines known to
enhance osteoclast activity (Charatcharoenwitthaya
et al., 2007; Jilka, 1998; Pacifici et al., 1991), as well as
IL-6, which stimulates osteoclastogenesis (Jilka et
al., 1992). Osteoclast life span is indirectly controlled
through oestrogen-mediated regulation of TGF-3
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(Hughes et al., 1996) and promotes apoptosis of
mature osteoclasts directly via FAS ligand/FAS
signalling (Krum et al., 2008; Wang et al., 2015).
Oestrogen also stimulates OPG expression (Bord et
al., 2004; Saika and Matsumoto, 2001), disrupting
the RANK/RANKL pathway, which largely controls
osteoclast formation in osteoclast precursors as well
as the activation and survival of mature osteoclasts
(Boyce and Xing, 2007; Lacey et al., 1998; Shevde et al.,
2000). With the decline in oestrogen associated with
menopause, osteoclasts are more abundant, active
and survive longer (Nakamura et al., 2007; Weitzmann
and Pacifici, 2006), all of which may contribute to
increased resorption, porosity and bone fragility.

Although these changes in osteoclast fate, function
and survival have been observed at the cellular level,
the implication of larger resorption cavities is not
directly reflected in histomorphometric analyses
of osteoporotic bone. Indeed, bone biopsies from
the iliac crest of osteoporotic women exhibit more
osteoclasts and a 45 % increase in BMU activation
frequency than that of healthy postmenopausal
women, but erosion depth is comparable between
the two groups (Cohen-Solal et al., 1991; Eriksen et
al., 1990). 3D evaluation of trabecular bone loss in
OVX rat and mouse models also present conflicting
evidence. OVX mice demonstrated fewer resorption
sites but larger erosion surfaces per site (Lambers
et al., 2012). On the other hand, the increased bone
resorption in OVX rats was due to an increased
frequency in resorption cavities with no difference
in the total volume resorbed per cavity (Slyfield et
al., 2012). The latter would suggest that oestrogen
deficiency primarily affects bone remodelling by
increasing the activation frequency but not the
function of active BMUs and challenges the belief that
increased osteoclast number and osteoclast surface
observed in osteoporotic bone must yield increased
resorption at the BMU-level (Arlot et al., 1990).
While it is true that resorption is increased globally
in osteoporosis, more data is needed to understand
the importance and respective contributions of
remodelling frequency and resorption volume to
total bone loss.

Dynamic parameters of BMU activity in human
bone are primarily reported for the trabecular and
endocortical envelopes and remain largely unknown
for intracortical bone. Static measurements of osteon
morphology provide some indication of remodelling
activity in cortical bone. For example, the number of
osteons observed in the femoral cortex of osteoporotic
females was larger than that in young, healthy
females (Zimmermann et al., 2016), while osteon
diameter in osteoporotic bone was smaller compared
to young healthy bone (Bernhard et al., 2013).
Similar to what has been reported for trabecular and
endocortical bone, activation frequency in cortical
bone is increased in postmenopausal osteoporosis;
however, the resorption volume and period in cortical
bone may actually be lower. Interestingly, resorption
per BMU is reduced in postmenopausal osteoporotic
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women (Bernhard et al., 2013) even though the
number, activity and lifespan of osteoclasts are
thought to be increased (Nakamura et al., 2007).

Itislargely agreed that bone formation is impaired
in osteoporosis and contributes to the imbalance
between resorption and formation at the BMU
level, in favour of resorption. Mean wall thickness,
an indication of the amount of bone formed per
remodelling event, is lower in both osteoporotic
trabecular (Cohen-Solal et al., 1991; Darby and
Meunier, 1981; Eriksen et al., 1990; Kimmel et al.,
1990; Parfitt ef al., 1995) and cortical bone (Bernhard
et al., 2013). Varying findings have been reported
for mineral apposition rate, describing that of
postmenopausal osteoporosis as either decreased
(Carasco et al., 1989; Eriksen et al., 1990; Parfitt et al.,
1995) or unchanged (Arlot et al., 1990; Kimmel et al.,
1990) compared to non-osteoporotic postmenopausal
controls. Diminished bone formation may indicate
a disruption in BMU coordination, hindering the
reversal of bone resorption to formation due to
impaired recruitment or function of osteoblasts,
or both. Finally, elevated cortical porosity may be
compounded by the coalescence of active BMUs or
remodelling of existing canals. This phenomenon
plays a role in the increasing porosity associated with
age (Andreasen et al., 2018) and has been suggested
to contribute to the presence of fewer but larger
mineralising surfaces in OV X rats (Slyfield et al., 2012).
Taken together, histological evidence indicates that
the increased intracortical porosity in osteoporosis
is a result of higher activation frequency, insufficient
bone formation and merging of remodelling spaces
rather than an excessive amount of bone resorbed per
remodelling event.

Glucocorticoid-induced osteoporosis

Glucocorticoids are a group of immunomodulating
drugs commonly used to treat autoimmune
disorders and inflammatory conditions; however,
glucocorticoid treatment is associated with rapid
bone loss and fragility fractures (Van Staa et al., 2002)
and is the leading cause of secondary osteoporosis
(Adami and Saag, 2019; Whittier and Saag, 2016).
Pharmacological doses of glucocorticoids induce
osteoporosis by altering bone remodelling, affecting
cells from both the osteoblast and osteoclast lineages.
Yet, the most notable characteristic of glucocorticoid-
induced osteoporosis is deficient bone formation and
is primarily due to a reduced number of osteoblastic
cells and impaired osteoblast function (Canalis et
al., 2007). Glucocorticoids inhibit the differentiation
of osteoblasts (Ohnaka et al., 2004; Pereira et al.,
2002) and promote apoptosis of osteoblasts and
osteocytes (Weinstein et al., 1998). The quality of the
bone matrix is also diminished as glucocorticoids
enhance the expression of mineralisation inhibitors,
DMP-1 and Phex (Yao et al., 2008), and suppresses
osteocalcin and type I collagen (Canalis, 1983;
Godschalk and Downs, 1988; Hernandez et al., 2004;
Peretz et al., 1989). Osteoclast formation and activity
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are enhanced with glucocorticoids (Hofbauer et al.,
1999; Sivagurunathan ef al., 2005) and they may also
affect the life span of osteoclasts, although opposing
results have been reported (Jia et al., 2006; Kim ef al.,
2006; Sivagurunathan et al., 2005).

Given the significantly reduced bone formation
with glucocorticoids, double-fluorochrome labels of
mineralising surfaces are often absent (Fig. 2) and
using dynamic histomorphometry to assess aspects
of BMU activity, particularly mineral apposition rate
and activation frequency, is futile (Harrison et al.,
2020a; Schorlemmer et al., 2005). When detectable,
the number and length of mineralising surfaces
(Carbonare et al., 2001; Schorlemmer et al., 2005), wall
thickness (Carbonare et al., 2001; Dempster et al., 1983;
Vedi et al., 2005) and mineral apposition rate (Bressot
et al., 1979; Dempster et al., 1983; Vedi et al., 2005) are
decreased with glucocorticoid treatment compared to
untreated controls. The influence of glucocorticoids
on the activation frequency and resorptive activity of
BMUs is less clear. The rapid rate of bone loss within
the first 3-6 months of glucocorticoid treatment has
led some to suggest that BMU activation frequency
and resorption is elevated shortly after treatment
initiation and followed by a more gradual decline
in bone mass with continued treatment, during
which activation frequency and resorption return to
normal but formation is still impaired. This transient
behaviour is supported by some (Dovio et al., 2004;
Haris et al., 2012; Yao et al., 2008), but not all (Ebeling
et al., 1998; Prummel et al., 1991; Sasaki et al., 2002),
studies utilising biochemical markers of bone turnover
and the histological evidence of changes in activation
frequency and resorption are limited because these
parameters are typically derived from labels of bone
formation. Two studies report decreased activation
frequency in cortical bone after long-term treatment
with glucocorticoids in humans (Vedi et al., 2005) and
OVXsheep (Schorlemmer et al., 2005). To circumvent
the reliance on formative activity, Harrison et al.
(2020a) defined “active remodelling centres” as
a measure of remodelling activity in rabbits that
included the sum of single-labelled osteons, double-
labelled osteons and resorption cavities normalised
to cortical area. In contrast to reports in human and
OVX sheep (Schorlemmer et al., 2005; Vedi et al.,
2005), they found that active remodelling centres
in glucocorticoid-treated rabbits were 3-fold larger
than in sham controls (Fig. 2) (Harrison et al., 2020a).
Increased erosion surface, more abundant osteoclasts
and larger canal diameters imply that resorption may
be enhanced (Bressot et al., 1979; Carbonare et al.,
2001; Harrison et al., 2020a), yet direct measurement
of resorption capacity at the BMU-level (e.g. erosion
depth or osteon diameter) has not been reported.
Whether resorptive activity is maintained or elevated,
it is apparent that bone resorption is ongoing with
glucocorticoids treatment without subsequent
formation, indicating BMU uncoupling. Jensen et al.
(2015) have demonstrated that the absence of bone
formation in glucocorticoid treatment is associated
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with arrested reversal surfaces in which resorption
has finished with no evidence of ongoing or future
bone formation. In fact, arrested reversal surfaces
were 5-times higher in glucocorticoid-treated
patients compared to controls (Jensen et al., 2015).
This is suggestive of BMU uncoupling and may be
the underlying cause of bone loss in glucocorticoid-
induced osteoporosis (Andreasen et al., 2015). It is
important to note that the overall bone loss due to
excess glucocorticoids is not the only contributor to
reduced bone strength. Glucocorticoid treatment
also compromises the quality of the bone matrix on
the nanoscale and microscale, including decreased
mineralisation as well as altered collagen content
and organisation, which may negatively affect bone
strength at the organ (i.e. whole-bone) level (Saito et
al., 2011; Xi et al., 2020).

Disuse osteoporosis

Bone remodelling is also regulated by the mechanical
environment. The link between bone remodelling and
mechanical loading was formally introduced in the
“mechanostat theory” (Frost, 1987). Frost proposed
that loading bone above a given strain would lead
to bone formation through the modelling process,
while underloading would enable bone resorption
through increased remodelling. The latter may result
in significant bone loss that is clinically referred to
as disuse osteoporosis. Clinical examples of disuse
osteoporosis include immobilisation during long-term
bed rest or after fracture, spinal cord injury, paralysis
and other neuromuscular or neurological disorders
(Giangregorio and McCartney, 2006; Iolascon et
al., 2019; Rolvien and Amling, 2021; Zerwekh et al.,
1998). Reduced skeletal loads in microgravity during
spaceflight may also lead to significant bone loss
consistent with disuse osteoporosis (Gabel et al., 2021;
Stavnichuk et al., 2020).

Mechanosensitive osteocytes are key players in the
pathogenesis of disuse osteoporosis. Embedded in the
bone matrix, osteocytes sense and translate changes
in the mechanical environment to biochemical signals
that regulate gene expression (Santos et al., 2009). It
is through this mechanotransduction that osteocytes
orchestrate bone remodelling in response to
increased mechanical loading. Mechanical stimulus
promotes osteocyte survival (Bakker et al., 2004;
Plotkin et al., 2005) and removal of such a stimulus
enhances osteocyte apoptosis (Gerbaix et al., 2017;
Mann et al., 2006; Rolvien et al., 2020), triggering
bone resorption (Aguirre et al., 2006; Cabahug-
Zuckerman et al., 2016). Nitric oxide is a regulatory
molecule produced by osteocytes that inhibits bone
resorption by enhancing OPG and reducing RANKL
expression, thereby limiting osteoclastogenesis
(Fan et al., 2004). Simulated microgravity has been
associated with decreased nitric oxide production
in MLO-Y4 osteocyte-like cells in vitro (Xu et al.,
2012) and may potentiate bone resorption (Nabavi
et al., 2011; Ralston et al., 1995). Unloading also
increases osteocyte expression of RANKL and results
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in increased number and activity of osteoclasts
(Cabahug-Zuckerman et al., 2016; Maimoun et al.,
2005; Tamma et al., 2009; Xiong et al., 2011). Sclerostin
and DKKI1 are antagonists of the WNT signalling
pathway that inhibit osteoblast function. Both
sclerostin and DKK1 are increased after unloading
(Gaudio et al., 2010; Gifre et al., 2015; Lin et al., 2009;
Spatz et al., 2012) and may be responsible for the
reduced number of osteoblasts and impaired bone
formation (Li et al., 2006; Lin et al., 2009). Additional
signalling molecules such as ATP and prostaglandins
are upregulated following increases in mechanical
stimuli and contribute to improved osteoblast
differentiation, proliferation and function (Bonewald,
2011; Brunet et al., 2004; Genetos et al., 2004; Liu et al.,
2017); however, little evidence is available to assess
their role in the case of unloading. Disuse may also
lead to alterations in bone mineralisation. Reduced
levels of serum osteocalcin have been reported in rats
after 7 d of spaceflight (Patterson-Buckendahl et al.,
1987) and a more homogenous mineral distribution
in immobilised elderly females (Rolvien et al.,
2020). Changes in mineralisation may be related
to mineralisation regulators such as FGF23, MEPE
and DMP-1, which are known to be produced by
osteocytes in a mechanically sensitive manner (Harris
et al., 2007; Nepal et al., 2021; Yang et al., 2005).
Many studies report marked bone loss and
elevated biomarkers of bone resorption following
various models of unloading (Rolvien and Amling,
2021; Stavnichuk et al., 2020); however, far fewer
have reported specific changes in resorptive activity.
Nonetheless, these studies support the notion of
increased resorption following unloading, with an
increased number of remodelling spaces (Kazakia
et al., 2014; Li et al., 2004), larger osteons (Li et al.,
2004; Young et al., 1986), more abundant osteoclasts
(Ishijima et al., 2001; Kondo et al., 2005; Weinreb et
al., 1989) as well as increased erosion and osteoclast
surfaces (Ishijima et al., 2001; Kondo et al., 2005; Li
et al., 1990; Li and Jee, 1991; Weinreb et al., 1989;
Zerwekh et al., 1998). Alterations in bone formation
due to unloading has been documented more
extensively. Mineral apposition rate and mineralising
surface are reduced following hind-limb unloading,
denervation or tail suspension in rats (Drissi et al.,
1999; Ishijima et al., 2001; Kondo et al., 2005; Li et
al., 1990; Li and Jee, 1991; Turner and Bell, 1986),
immobilisation or spaceflight in monkeys (Schock
et al., 1975; Young et al., 1986; Zerath et al., 1996) and
immobilisation of the equine metacarpophalangeal
joint (van Harreveld et al., 2002). Interestingly, Young
et al. (1986) described the surfaces of large resorption
cavities of immobilised monkeys as smooth surfaces
lined with mononucleated cells. Given the missing
tetracycline labels of bone formation but the presence
of mononucleated cells on the erosion surface, the
authors hypothesised that osteoblast recruitment
may not be compromised but the specific cell function
inhibited, resulting in a prolonged reversal phase. The
intracortical microarchitecture in long bones seems

www.ecmjournal.org



LL Loundagin et al.

Measurements of cortical bone remodelling

to mirror the principal stress directions, suggesting
that during remodelling a BMU's trajectory through
the bone matrix may be guided by mechanical stimuli
(Heftt et al., 1994; van Oers et al., 2008a; Petrtyl et al.,
1996). Britz et al. (2012) demonstrated that the removal
of mechanical loading in immobilised rats results
in more disorganised canal orientations compared
to controls. However, this has not been studied in
larger-animal models that exhibit more typical rates
of secondary remodelling.

Anabolic treatments

PTH therapy

PTH is a major endocrine regulator of extracellular
phosphate and calcium levels. When blood serum
calcium levels are low, the parathyroid glands
secret PTH, which activates bone remodelling to
release calcium stored in the bone matrix. In primary
hyperparathyroidism, circulating levels of PTH
are constantly elevated, leading to increased bone
resorption and marked bone loss (Rubin et al., 2008;
Vu et al., 2013). On the other hand, intermittent low-
dose administration of PTH (e.g. teriparatide) has an
anabolic effect, resulting in net bone formation (Hock
and Gera, 1992; Locklin et al., 2003) and is, therefore,
an effective treatment for severe osteoporosis.

The anabolic effects of intermittent PTH are
largely attributed to increased osteoblast abundance
and life span. PTH amplifies the number of pre-
osteoblasts present in the bone marrow by promoting
the commitment of mesenchymal stem cells to the
osteoblast lineage (Fan et al., 2017) and increasing the
proliferation and differentiation of osteoblasts (Balani
et al., 2017). Intermittent PTH augments osteoblast
activity and survival by supporting osteoblast
maturation and attenuating osteoblast apoptosis
(Jilka et al., 1999). Cytokines released from the bone
matrix during bone resorption are also essential for
the anabolic effects of PTH (Tang et al., 2009). In fact,
without resorptive activity, the anabolic capacity of
PTH may be limited (Delmas et al., 1995; Wu et al.,
2010) and this highlights the importance of coupling
in remodelling-based bone formation.

The mechanisms of action and effects of PTH
vary among different bone compartments (i.e.
trabecular, endosteal, periosteal and intracortical
envelopes) and may explain some of the differences
observed with PTH treatment. For instance, net bone
formation is increased on trabecular, endosteal and
periosteal surfaces (Jiang et al., 2003; Lindsay et al.,
2007; Yamamoto et al., 2016), whereas intermittent
PTH significantly increases intracortical porosity
(Hansen et al., 2013; Jiang et al., 2003; MacDonald
et al., 2011; Yamane et al., 2017). This can mainly be
attributed to increased activation frequency (Fig. 2),
as observed in rabbits (Harrison et al., 2020a; Hirano
etal., 1999), canines (Boyce ef al., 1996), monkeys (Burr
et al., 2001; Sato et al., 2004) and humans (Ma et al.,
2014). The effect of PTH on the resorption capacity of
individual BMUs is largely unknown for cortical bone
and conflicting data in endocortical bone describe
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resorption parameters as either increased (Boyce et
al., 1996; Hirano et al., 1999), unchanged (Dempster
et al., 2016b; Jiang et al., 2003) or decreased (Lindsay
et al., 2007). Consistent with the expected increase
in osteoblastic activity, PTH has been shown to
augment aspects of intracortical bone formation,
including increased mineralising surface and mineral
apposition rate (Dempster et al., 2016a; Hirano et al.,
1999; Ma et al., 2014).

Romosozumab

Romosozumab is an anti-sclerostin antibody recently
approved in the United States and Canada as an
anabolic treatment for osteoporosis (Web ref. 1, Web
ref. 2). Sclerostin, a protein secreted by osteocytes,
inhibits the WNT signalling pathway, which
stimulates osteoblast differentiation, proliferation
and survival. Romosozumab binds to sclerostin
to prevent this inhibitory effect and the WNT
signalling pathway is activated, in turn increasing
bone formation. Clinical trials in postmenopausal
women have continually demonstrated that 3-12
months of romosozumab treatment increases BMD at
the spine, hip and femoral neck (Cosman et al., 2016;
McClung et al., 2014; Padhi et al., 2011). The marked
improvements in bone mass may largely be attributed
to the increases in modelling-based bone formation
(i.e. formation on the endocortical and periosteal
surface independent of prior resorption) rather than
changes in remodelling activity. However, this phase
of enhanced modelling-based formation attenuates
over time and bone mass may continue to increase
due to a net positive balance at remodelling sites
(Boyce et al., 2017; Ominsky et al., 2017).

OVX cynomolgus monkeys treated with
romosozumab demonstrated an increased mineral
apposition rate and proportion of mineralising
surfaces on trabecular, periosteal and endocortical
surfaces after 3 and 6 months of treatment compared
to controls but no significant difference in wall
thickness at remodelling sites in trabecular bone.
This trend was reversed after 12 months in OVX-
treated monkeys, having an increased wall thickness
but a similar proportion of mineralising surfaces
and mineral apposition rate to that of the OVX-
placebo group (Ominsky et al., 2017). Intracortical
remodelling was transiently increased, as evidenced
by a higher activation frequency, but this did not
induce significant changes in cortical porosity despite
negligible differences in any measures of bone
formation in cortical bone (Ominsky et al., 2017). The
recent study by Chavassieux et al. (2019a) provides
the only histological evidence of romosozumab’s
effect on human bone, reporting the microstructural
indices in all four bone compartments from iliac crest
biopsies of postmenopausal osteoporotic women
after 2 and 12 months of treatment. In general, their
findings agree with what has been observed in
primates: mineralising surfaces were increased on
trabecular and endocortical surfaces after 2 months
of treatment, but these values returned to or below
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control levels by 12 months, while wall thickness in
trabecular bone remained elevated after 12 months of
drug treatment. In contrast, the authors did not find
an increase in mineral apposition rate within any of
the bone compartments at either the 2- or 12-month
timepoint. Activation frequency was only measured
in trabecular bone but, similar to the trend observed
in cortical bone in primates, demonstrated a transient
increase, being nearly double that of the placebo
group at 2 months and 5 times lower at 12 months
(Chavassieux et al., 2019a).

Interestingly, gains in BMD with romosozumab
treatment are greater than those in patients treated
with PTH (Genant et al., 2017; Langdahl et al.,
2017; McClung et al., 2014). This may be because
romosozumab is not solely an anabolic agent,
but rather has a dual action, increasing bone
formation and reducing bone resorption. Sclerostin
also promotes increased expression of RANKL
by osteocytes. RANKL plays a major role in the
formation and function of osteoclasts (Wijenayaka et
al., 2011). Therefore, in the presence of romosozumab,
reduced RANKL leads to fewer osteoclasts and less
resorption (Boyce et al., 2017; Chavassieux et al., 2019a;
Kostenuik et al., 2009; Li et al., 2009). In both primates
and humans, romosozumab treatment is associated
with reduced erosion surfaces and osteoclast number
in the trabecular and endocortical compartments
(Boyce et al., 2017; Chavassieux et al., 2019a). This
diminished resorptive activity is apparent in the
early stages of treatment and sustained until the
final timepoint. Erosion depth is also lower in
romosozumab-treated primates (Boyce et al., 2017),
although this has yet to be reported in humans. It is
interesting to note that intracortical and trabecular
remodelling is increased despite the inhibition of
osteoclasts and has led some to hypothesise that this
may be a mechanism to support the mineral demands
of the enhanced bone formation occurring during the
early stages of treatment (Ominsky et al., 2017).

While PTH and romosozumab are both anabolic
treatments that cause a net gain in bone mass, the
processes by which bone formation is augmented
differ. PTH treatment increases both resorption and
formation activity in the BMU remodelling process,
while romosozumab primarily increases modelling-
based bone formation, decreases bone resorption and
eventually reduces bone turnover. The combined
effects of romosozumab on BMU activity — reducing
erosion depth and increasing wall thickness —
would result in a net positive balance in individual
remodelling events and contribute to increasing
BMD; however, more work is needed to determine
the role of romosozumab in remodelling dynamics,
particularly in human cortical bone.

Anti-resorptive drugs

Systemic and focal bone loss, such as in osteoporosis
or rheumatoid arthritis, is often treated with anti-
resorptive drugs that target osteoclasts to ultimately
reduce the magnitude of bone resorption. Anti-
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resorptive drugs may decrease bone resorption
by 1) limiting the differentiation of osteoclastic
precursors into mature resorbing osteoclasts, 2)
reducing the activity of mature osteoclasts, 3)
altering the life span of differentiated and mature
osteoclasts (Baron et al., 2011; Reszka and Rodan,
2003). Currently, bisphosphonates (e.g. alendronate,
risedronate and zoledronate) are the most commonly
used antiresorptive therapy. Bisphosphonates bind
to the mineral component of bone and are taken
up by osteoclasts during bone resorption. Inside
the osteoclast, bisphosphonates work through
intercellular mechanisms to inhibit osteoclast
function and survival (Reszka and Rodan, 2003).
Denosumab is another anti-resorptive treatment
that impedes osteoclastogenesis and osteoclast
activity by disrupting the RANK/RANKL pathway.
As a monoclonal antibody that targets RANKL,
denosumab prevents RANKL from binding to
its receptor RANK, thereby inhibiting osteoclast
formation, activity and survival (Baron et al., 2011;
Hanley et al., 2012).

The effectiveness of both bisphosphonates and
denosumab to minimise bone loss is reflected in
their ability to significantly reduce the activation
of new BMUs (Chavassieux et al., 1997; Dempster
et al., 2018; Kostenuik ef al., 2015; Recker et al., 2008;
Reid et al., 2010). Compared to treatment-naive
postmenopausal women, a 3-year treatment with
bisphosphonates reduced activation frequency
2.7-fold (Recker et al., 2008). Similarly, activation
frequency was 6.7-fold lower in postmenopausal
women treated with denosumab for 5 years (Brown
et al., 2014). The reduction in bone loss associated
with bisphosphonate treatment is largely attributed
to this attenuated turnover rate, as the erosion depth
in trabecular bone (Chavassieux et al., 1997; Eriksen
et al., 2002) and cortical bone (Bernhard et al., 2013)
was similar between control subjects and those
treated with bisphosphonates. On the other hand,
denosumab has been shown to reduce the erosion
depth of BMUs in trabecular bone by approximately
30 % (Chavassieux et al., 2019b). This may partly
explain why improvements in total and cortical bone
mineral density with denosumab were superior to
those caused by alendronate (Brown et al., 2009;
Seeman et al., 2010), although how much resorption
is limited by denosumab at the BMU-level has yet to
be investigated in cortical bone (e.g. osteon diameter).

Following the theory that BMU activity is normally
tightly coupled, modifying bone resorption would
consequently alter bone formation (Chavassieux et
al., 1997; Jensen et al., 2021); however, change in bone
formation after anti-resorptive drugs, as evidenced
by histomorphometry, is convoluted. Wall thickness
was unchanged following 1-3 years of treatment
with bisphosphonates (Chavassieux et al., 1997;
Eriksen et al., 2002) or denosumab (Chavassieux et
al., 2019b; Reid et al., 2010) but the proportion of
mineralising surface was significantly reduced with
both drugs (Chavassieux et al., 1997; Chavassieux
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et al., 2019b; Eriksen et al., 2002; Reid et al., 2010). In
addition, inconsistent changes in mineral apposition
rate following bisphosphonate and denosumab
treatment have been reported. After 2 and 3 years of
alendronate and risedronate treatment, respectively,
mineral apposition rate was marginally lower than in
controls, although this difference was not significant
(Chavassieux et al., 1997; Eriksen et al., 2002). In
contrast, others report that mineral apposition rate
was slightly higher after 1, 2 or 3 years of alendronate
treatment compared to placebo (Bone et al., 1997;
Chavassieux et al., 1997) and significantly increased
after 3 years of zoledronic acid treatment (Recker et al.,
2008). Regarding denosumab, Reid et al. (2010) found
mineral apposition rate to be reduced after 2 and 3
years of treatment, although some have demonstrated
that the decreased mineral apposition rate observed
at 2 years returned toward rates observed in placebo
groups by 3 years (Chavassieux et al., 2019b).

Future experimental opportunities

These examples of disrupted or modified bone
remodelling illustrate how delicate the remodelling
process can be, in which altering a single factor may
dismantle the tight coupling and balance of BMUs.
They also provide a unique opportunity to evaluate
current hypotheses of the remodelling process
and better understand the phases and coupling
mechanisms of BMU activity.

The activation-resorption-formation sequence
was first described by Frost (Frost, 1969) and is now
referenced so frequently to describe the remodelling
process one may have the illusion that the regulation
and activity in each of these phases is well understood.
On the contrary, there remain several open questions,
especially concerning cortical bone and its activation,
resorption and formation.

e What governs the frequency and spatial
distribution of BMU origination?

e What dictates reversal from bone resorption
to formation (i.e. coupling mechanisms)?

e How might this mechanism(s) be disrupted
and/or restored?

e How do the spatial and temporal
characteristics of BMU activity ultimately
affect the structure and function of the whole
bone?

The sections that follow discuss current and future
experimental opportunities that may help address
these questions, challenge existing theoretical
frameworks of bone remodelling regulation and
dynamics, and ultimately improve the understanding
of the spatio-temporal behaviour of BMUs.

3D morphological analysis of BMU remodelling
spaces

Osteon morphology is a direct reflection of
BMU osteoclastic and osteoblastic activity and
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measurements of osteon diameter and wall thickness
are currently the best estimates of the amount of
bone resorbed and formed during an individual
remodelling event. These inherently 2D static
measures are heavily dependent on the timing and
specific slice selected for analysis, capturing the
output of a BMU within a limited timeframe and ata
single location. Serial sectioning has provided novel
insights into the 3D morphology of osteons; however,
these techniques are challenging and only few studies
have used this approach to investigate intracortical
bone microarchitecture (Cohen and Harris, 1958;
Lassen et al., 2017; Robling and Stout, 1999; Stout et
al., 1999; Tappen, 1977). Quantifying the 3D shape of
remodelling spaces, which is more accessible through
X-ray-based imaging (Fig. 3), may help elucidate the
spatio-temporal behaviour of BMUs, specifically the
capacity of the resorption and formation phases and
how reversal mechanisms mediate their relationship.

X-ray uCT is the gold standard for non-destructive
3D analysis of trabecular microarchitecture and is
increasingly being used to investigate that of cortical
bone (Basillais et al., 2007; Cooper et al., 2003; Cooper
et al., 2007; Cooper et al., 2011; Pazzaglia et al., 2009).
There are many benefits of using pCT compared
to histology-based methods, including 1) a larger
field of view that is not limited to a 2D section
and its orientation, 2) BMU remodelling spaces
may be observed directly without interpolating
2D sections, 3) the amount of bone resorbed and
formed can be calculated as a volume rather than as
an area. Furthermore, uCT is a promising approach
for imaging BMU-related resorption cavities as
their larger size and distinctive cutting cones are
discernibly different from the smaller canals of
completed osteons. Recent work has demonstrated
the feasibility of such methods by using pCT to
identify BMUs in a rabbit tibia ex vivo without the
need for additional histological sectioning (Harrison
et al., 2020a).

Building on this work, 3D analysis of
remodelling space morphology would provide more
comprehensive measurements of each remodelling
phase. The radius and length of the cutting cone,
reversal zone or closing cone would be indicative of
the change in volume within each phase, while the
slope signifies the radial rate of change in bone tissue
(Fig. 4). Unlike measurements derived from classic
histological techniques, a 3D analysis of BMU-related
resorption cavities would afford direct assessment
of the resorption phase and its spatial relationship
with formative activity. Quantifying 3D remodelling
space morphology would be particularly useful when
detection of fluorochrome labels is unreliable, such as
with glucocorticoid treatment, because remodelling
spaces could be identified independent of formative
activity.

In addition, a morphological analysis could
be used to challenge paradigms surrounding
remodelling dynamics. The conventional concept of
bone remodelling depicts BMU activity as a sequential
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order of events, i.e. activation-resorption-formation
(Frost, 1969), and describes the reversal phase
between resorption and formation as a quiescent
zone with no resorptive or formative activity (Parfitt,
1982). If this were the case, the slope of the cutting
cone would initially increase and then plateau during
the quiescent reversal period (Fig. 5a). However,
recent developments suggest that the reversal phase
involves mixed reversal-resorption activity, during
which bone continues to be resorbed (radially) and
the switch from bone resorption to formation is
driven by cellular expansion of osteoprogenitor cells
(Lassen et al., 2017). In this instance, both the cutting
cone and reversal zone would have a non-zero slope
(Fig. 5b) and clearly illustrate a different reversal
mechanism from the conventional remodelling
paradigm. Furthermore, variation in BMU shape
may elucidate the effects of different interventions on
remodelling dynamics. For example, both denosumab
and bisphosphonate treatments reduce activation
frequency, while resorption volume for a given BMU
may only be effectively reduced with denosumab
treatment (Fig. 4b). Similarly, remodelling is thought
to be uncoupled with glucocorticoid treatment and
ongoing resorption or an arrested reversal zone
would be evident in altered remodelling space
morphology (Fig. 4b).

Beyond quantitative measures of remodelling
space morphology, qualitative descriptions vary
widely in the literature. Most notably, the nature of
the reversal zone and the shape of the cutting cone,
which has been depicted as a pointed (Jaworski
et al., 1972; Parfitt, 1994; Robling and Stout, 1999)
or spherical cone (Roberts et al., 1984; Roberts

et al., 2006). These seemingly minute changes in
morphology may actually represent meaningful
differences in remodelling dynamics that are currently
unappreciated. Furthermore, computational models
of BMU activity typically rely on idealised, often
2D, representations of BMU morphology (Buenzli
et al., 2012; Buenzli et al., 2014; Burger et al., 2003;
van Oers et al., 2008a; Smit and Burger, 2000) even
though irregular morphologies were reported over
50 years ago (Johnson, 1964; Tappen, 1977) and
complex 3D morphologies have been reported more
recently (Cooper et al., 2011; Maggiano et al., 2016).
Varying BMU shape would likely change the results
and interpretation of these models, highlighting the
importance of investigating and reporting accurate
BMU morphologies.

4D time-lapsed in vivo analysis of BMU
remodelling spaces

Although morphological analysis of data already
available with ex vivo 3D imaging has the potential to
expand the understanding of BMU activity, detecting
and tracking BMUs over time (4D) in vivo would
provide novel insights into remodelling dynamics.
Longitudinal in vivo uCT studies have successfully
tracked changes in trabecular bone architecture,
quantifying the alterations in thickness, separation
and number of individual trabeculae due to age,
disease and therapeutic interventions (de Bakker
et al., 2015; David et al., 2003; Waarsing et al., 2004).
Technical challenges, including the high-resolution
requirements and radiation concerns, have hindered
such in vivo analyses in cortical bone; however,
recent advances in imaging technology present an
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Fig. 4. Theoretical variations in BMU morphology. Schematic representation of 3D morphological measures
of BMU-related remodelling space, including radius (r) and length (L), and slope of the resorption (Rp),
reversal (Rv) and formation (F) phases, that could be used to calculate the amount and radial rate of change
in bone tissue. The table summarises changes in BMU activity in osteoporosis and with pharmaceutical
treatments and poses hypothetical shapes of remodelling spaces that may reflect an altered remodelling
event. Changes relative to normal BMU activity: no change (-), increased (M), decreased ({), inconclusive
and maybe increased, decreased or no change (»L/—/T).
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opportunity for innovative methods to investigate
cortical bone remodelling in vivo and longitudinally.
Conventional puCT imaging can detect cortical
porosity in animal models in vivo (Altman et al., 2015;
Li et al., 2015) but the high radiation dose associated
with increased resolution makes the characterisation
of individual BMUs currently beyond reach.
Advantages of SR puCT, such as increased resolution
and contrast, along with reduced scan times, offer a
potential avenue for in vivo imaging of remodelling
events in animal models (Harrison and Cooper,
2015). Pratt et al. (2015) demonstrated that SR uCT
could resolve cortical pores in rat tibia without
a considerable increase in radiation dose (dose
= 2.53 Gy, voxel resolution = 11.8 um) compared to
laboratory uCT (dose = 1.2-1.5 Gy, voxel resolution
=18 um; dose =11.7-18.2 Gy, voxel resolution =9 um).
In addition, utilising SR pCT in larger-animal models
that exhibit larger cortical pores, such as rabbits,
would ease the resolution requirements and further
reduce the radiation dose. Beyond animal models,
HR-pQCT is being used increasingly to investigate
cortical porosity in human bone in vivo (Britz et al.,
2012; Chen et al., 2010; Cooper et al., 2003; Cooper et
al., 2006; Pazzaglia et al., 2009). With an isotropic voxel
size of 82 um, the size of a single voxel is on the same
scale as the average canal diameter in human cortical
bone [~ 80-120 um (Cooper et al., 2007; Particelli et
al., 2012)] and HR-pQCT is likely unable to resolve
all canals (Jorgenson et al., 2015; Soltan et al., 2019).
However, remodelling spaces are ~ 220-245 um in
diameter on average (Britz et al., 2009; Jowsey, 1966),
suggesting that HR-pQCT can potentially detect and
track individual remodelling events in human bone.

o

Reversal
Reversg)
resorption

Conventional concept Emerging concept

Fig. 5. Morphology of BMU-related remodelling
spaces has the potential to elucidate differences
in BMU activity and challenge to hypotheses
of remodelling dynamics. (a) Conventional
framework of remodelling process in which the
reversal phase is transition zone between resorption
and formation with limited activity. (b) Emerging
concept of remodelling dynamics that suggests
resorption continues throughout the reversal zone
and plays a role in the transition to bone formation.

Com=
CELLOR maczziaL

212

Non-destructive imaging modalities, such
as uCT, allow multiple in vivo scans of the same
bone. Comparing sequential images can elucidate
changes occurring over time, such as spatial and
temporal changes in bone resorption and formation.
To evaluate these longitudinal changes, follow-
up images need to be accurately aligned with the
baseline image. Such image registrations techniques
have been developed and are routinely used for
quantifying longitudinal changes in trabecular bone
(Boyd et al., 2006; Christen and Miiller, 2017; Waarsing
et al., 2004). Typically, a rigid body registration uses
an optimisation algorithm, translating and rotating
the images onto each other, to find the transformation
that aligns the images to the satisfaction of a given
objective function. Then, the transformation is applied
and interpolation is used on the follow-up image to
assign each voxel its new coordinates. Superimposing
registered images can reveal differences between
sequential images and may generally be interpreted
as follows: bone that is present in only the first image
is considered to be resorbed by the follow-up image,
while bone that only appears in the follow-up image
corresponds to newly formed bone. Bone that exists
in both images is considered as quiescent, unchanged
bone.

The chosen objective function may be feature-
or voxel-based and intends to maximise the
similarity between the images. A feature-based
approach attempts to minimise the distance between
corresponding features in the two images. Given
the dynamic structural changes in bone, feature-
based registration can be problematic, as features in
the first scan may be unrecognisable (e.g. absent or
significantly altered) by the follow-up scan. Voxel-
based registration uses similarity metrics such as
grey-scale intensity values, normalised correlation

Longitudinal
formation
rate

Fig. 6. Schematic representation of 4D time-lapsed
analysis of BMU-related remodelling spaces.
Schematic representation of 4D time-lapsed analysis
of BMU activity to track the resorption (R) and
formation (F) front at multiple timepoints (t1 and
t2). Direct assessment of BMU advance enables the
calculation of longitudinal erosion and formation
rates.
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or mutual information to determine the degree of
shared information, or overlap, of the two images.
Voxel-based registration is most frequently used in
trabecular bone studies due to its robustness and
accuracy (Rueckert and Schnabel, 2011). In fact,
remodelling parameters in mice vertebrae following
pUCT image registration were shown to be highly
reproducible with interclass correlation coefficients as
high as 0.965 for eroded surface and 0.991 for mineral
apposition rate (a coefficient of 1 indicates perfect
reproducibility) (Schulte et al., 2011a) and strongly
correlated with traditional histological measurements
(Birkhold et al., 2014; Schulte et al., 2011a).

Recent work by Harrison and colleagues has
demonstrated the feasibility of using correlation
and normalised mutual information metrics in
registering and tracking cortical bone remodelling
[Harrison K et al. (2020b) Direct four-dimensional
assessment of cortical bone basic multicellular unit
longitudinal erosion rate in PTH-dosed rabbits:
a novel synchrotron X-ray imaging approach.
Conference abstract, 42nd meeting of the American
Society of Bone and Mineral Research]. Compared
to trabecular bone, registering sequential images
of cortical bone has the added advantage of more
distinct stable structures that may aid in feature-based
registration. The vascular canals permeating cortical
bone, for example, provide unchanged (relative to the
imaging or experimental time frame) structures that,
at the very least, can highlight the success of image
registration visually and, at most, potentially be used
as fiducial-like markers in a feature-based registration
(Fig. 7). Another challenge of 4D imaging that persists
regardless of bone type or registration metric is
the temporal resolution. This is not a method for
observing changes in real time. Similar to histology
or 3D imaging techniques, each follow-up image
illustrates the bone’s state at a discrete point in time.
Follow-up images need to be taken at long enough
intervals to capture meaningful and measurable
change but not so long that information is lost. The
timing of scans and duration of experiments will only
be realised with more research and will be specific to
the imaging modality, the animal model of interest
and the impetus of the study.

One of the most notable benefits of imaging BMU
activity in vivo, either animal models using SR uCT or
human bone using HR-pQCT, is the ability to track
BMUs over multiple time points. These techniques
would elucidate the progression of BMUs, both the
trajectory and rate of change in bone tissue, across
the remodelling phases (Fig. 6). Additionally, 4D
analysis provides an opportunity to measure aspects
of resorptive activity, including erosion period and
rate (Harrison ef al., 2020b), which are commonly
reported in histological studies but indirectly inferred
from bone formation activity. In particular, the
longitudinal erosion rate (i.e. cutting cone advance)
has been measured based on the assumption that
the cutting cone progression is equal to that of the
closing cone (Jaworski and Lok, 1972; Takahashi et
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al., 1971). Given the possibility for imbalanced and
uncoupled BMU activity, synchronised phases cannot
be assumed. Longitudinal assessment of remodelling
may also push past limitations of the typical 2D
analysis of activation frequency by identifying new
remodelling sites within a larger volume and defined
time frame, rather than depending on formation
indices in a small cross-sectional field of view.
Finally, the greatest impact of 4D in vivo analysis is its
potential to investigate and optimise dosing regimens
of existing and future treatments. If the resorption
rate and size of BMUs could be reduced, tightly
coupled with formation, and spatially controlled
to prevent merging with other pores, then bone
loss could be minimised or even reversed. In vivo
investigation of BMU activity in 4D is the next step
towards clarifying the spatio-temporal coordination
of BMUs in cortical bone and the first step towards
targeted manipulation of bone remodelling.

In silico modelling

Many mathematical models synthesise mechanical
and biological information in an attempt to simulate
bone turnover at the whole bone, tissue and cellular

Fig. 7. Stable structures visible in cortical bone
that may facilitate image registration. A cross-
sectional (top) and longitudinal (bottom) standard
deviation projection of a rabbit tibia dosed with
PTH (see Fig. 2 for a 3D view of the corresponding
rabbit tibia). Even with the considerable amount
of remodelling activity associated with PTH,
stable Haversian canals throughout the cortex are
detectable. As unchanged structures, the canals
may provide fiducial-like markers in cortical bone
and aid in feature-based registration routines. The
1 mm region used to create the cross-sectional and
longitudinal projections is contained within the
red and yellow box, respectively. Data and images
courtesy of Dr Kim Harrison (Harrison et al., 2020a)
(scale bar =1 mm).
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level (Defranoux et al., 2005; Kameo ef al., 2020;
Pivonka and Komarova, 2010). With respect to the
remodelling process, mathematical modelling may be
particularly advantageous in identifying parameters
that significantly alter BMU behaviour and contribute
to consequential changes in overall cortical porosity.
Smith et al. (2012) created a theoretical framework
in which differential changes in bone volume can
be described by the control mechanisms that govern
bone resorption and formation. Of interest, the rate
of BMU progression was found to play a role in
maintaining local bone volume. This is encouraging
from a therapeutic perspective as a potential target
that may be manipulated to remedy dysfunctional
remodelling. Mathematical models are also useful
in quantifying the relationship between changes
in tissue and organ level properties. It may seem
intuitive that increased activation frequency and
larger canal diameters contribute to increased
porosity (Martin, 1991); however, models can help
identify not only which of these variables play a role
in the overall process, but also the level of variability
in these parameters required to elicit meaningful
change in tissue and organ level properties.

Advances in experimental techniques and
substantial growth of available data have provided
more accurate estimates of initial conditions and
parameters as well as a better understanding of
the governing biological processes, all of which
inform more sophisticated and relevant models.
Models of the spatio-temporal behaviour of BMUs
are becoming increasingly complex by integrating
mechanical, biochemical and cellular signalling
dynamics to capture the physiological features of the
remodelling process (Buenzli et al., 2011; Martinez-
Reina et al., 2009; Ryser et al., 2009). Model-informed
drug development is also not a new concept but a
model’s usefulness and applicability rely on rigorous
validation to ensure the results correspond to the
physical reality and specific context of interest.
Unfortunately, data on tissue-level remodelling
parameters of human cortical bone are scarce (Table
1). Additionally, as mentioned previously, what
is known about the cellular activity is not always
evident in histological observations at the tissue level.
This limits further the development of accurate and
comprehensive models as well as the validation of
model predictions. When defining a model, it is not
enough to describe osteoclastic activity as enhanced,
for example, but rather an explicit value or function is
needed to define such activity. The proposed 3D and
4D morphological analysis of BMUs could provide
data to improve model definitions and the means to
test hypotheses generated by mathematical models
regarding the spatial and temporal regulation of
BMUs.

While mathematical models are well-suited
to explore the relevance of remodelling variables
and their relationship across multiple scales,
computational models are typically used to investigate
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the effects of external factors on the parameters and
outcomes of bone remodelling. A large body of
research has focused on the mechano-regulation of
bone adaptation, using computational models to
explain the link between the mechanical environment
and remodelling activity. In general, the theory of
these models is based on the mechanosensory role
of osteocytes, converting a mechanical stimulus into
biochemical signals that may stimulate osteoblasts
and/or inhibit osteoclasts. Simulations of various
loading magnitudes, frequencies, directions and
gradients have been shown to govern BMU trajectories
(Martinez-Reina et al., 2009; van Oers et al., 2008a),
the cutting cone diameter (i.e. osteon diameter) (van
Oers et al., 2008b), BMU morphology (van Oers et
al., 2008b), microarchitectural organisation (Hambli,
2014; Mullender and Huiskes, 1995; Tsubota et al.,
2009), BMU coupling (Smit et al., 2002; Smit and
Burger, 2000) and mineral density (Berli et al., 2017;
Hambli, 2014). van Oers et al. (2008b) presented a
2D model that suggested osteon diameter is related
to strain magnitude, with lower strains resulting in
larger osteons. Their model also predicted that BMUs
progressed parallel to the principal loading direction,
but in the absence of mechanical loading, osteoclasts
did not form an organised cutting cone and followed
arbitrary paths. These findings are consistent with
the unrestrained resorption activity observed in
immobilised primates, where resorption cavities were
5 times larger than normal (500-1,500 pum) (Young et al.,
1986), and the lack of microarchitectural organisation
following hindlimb unloading in rats (Britz et al.,
2012). While it is tempting to draw parallels between
model predictions and altered remodelling in certain
pathologies (e.g. disuse osteoporosis), caution should
be exercised when interpreting results from such 2D
models. If strain plays a central role in remodelling,
the irregular morphology and branching patterns
of BMUs may create strain patterns that cannot be
captured in simplified 2D models. 3D models of
BMU trajectory and microarchitecture orientation
seemingly confirm a link between mechanical stimuli
and BMU progression (Martinez-Reina et al., 2009;
Martinez-Reina ef al., 2014) but validation with in
vivo experimental data in cortical bone is currently
limited.

Recent innovations in imaging and computational
modelshave the potential toimprove theunderstanding
of mechano-regulated bone remodelling. A significant
development is the longitudinal study of bone
adaptation using time-lapsed imaging, which allows
previously unattainable temporal parameters of
remodelling, including resorption volume and rate.
Measures of mineral apposition rate also benefit
from the 3D nature and larger field of views inherent
to uCT imaging (Schulte et al., 2011a). Moreover,
the combination of time-lapsed imaging and FE
models is being used increasingly to explain the link
between mechanical loading and bone remodelling in
trabecular bone. Using in vivo uCT and FE models of
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Table 1. Known parameters of BMU activity for human cortical bone. Resorption values from
histomorphometry studies were not included as these are indirectly inferred from markers of bone formation.
Ct.Po=cortical porosity; Ac.f=activation frequency; - =the parameter was not reported; On.MAR = osteonal

mineral apposition rate; On.Dia = osteon diameter; On.W.Th = osteon wall thickness.

Anatomical Ct.Po Acf |On.MAR| On.Dia |On.W.Th
Reference Population location (%) (#/yr) |(um/day)| (um) (um)
Normal
Qiuctal. | Premenopausal | ¢,nijiac crest | - 0415 | 0623 | 375 -
(2020) women
Bernhard . .
et al. (2013) Young females | Femur diaphysis - - - 88.55 233.14
Bernhard . .
et al. (2013) Aged females | Femur diaphysis - - - 66.63 193.35
Osteoporosis
Chavassieux | Postmenopausal e
etal. (20192) | women w/OP Trans-iliac crest 4.36 - 0.64 - -
Chavassieux | Postmenopausal e
etal. (2019b) | women w/OP Trans-iliac crest 6.43 - 0.62 - -
Bernhard | Treatment-naive . .
etal. (2013) | women w/OP Femur diaphysis - - - 53.05 179.7
Glucocorticoid-induced osteoporosis
Vedietal. | Premenopausal | ¢ iac crest | 8.43 0.439 0.59 488 -
(2005) women and men
Teriparatide
Dempster | Postmenopausal -
etal. (2016) | women w/OP Trans-iliac crest 9.62 - 0.75 - -
Romosozumab
Chavassieux | Postmenopausal s
etal. (2019a) | women w/OP Trans-iliac crest 3.83 - 0.61 - -
Bisphosphonates
Dempster | Postmenopausal s
etal. (2016) | women w/OP Trans-iliac crest 5.64 0.46
Bernhard BP-treated . .
etal. (2013) | women w/OP Femur diaphysis - - - 74.94 215.78
Denosumab
Chavassieux | Postmenopausal .
etal. (2019b) | women w/OP Trans-iliac crest 59 - 0.59 - -

mice vertebra, Shulte ef al. (2013a) demonstrated that
globally applied loads control bone resorption and
formation at the tissue level. Bone resorption occurred
at sites of low strain while bone formation occurred
in areas of high strain. Similar methods have also
been used to investigate the mechanosensitivity of
the remodelling response with age and osteoporosis
(Birkhold et al., 2014; Lambers et al., 2012; Lambers
et al., 2015). Interestingly, the mechanosensitivity
of osteoporotic mice was reduced compared to
controls and exhibited an increased amount of
non-targeted remodelling (i.e. resorption occurring
irrespective of the level of mechanical stimuli at
that location) (Lambers ef al., 2012). In vivo data
from these longitudinal mice studies were used to
validate an in silico model simulating the anabolic
process associated with mechanical loading. The
model successfully predicted changes in bone volume
fraction with less than 2.45 % error compared to
longitudinal experimental data but could not emulate
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the dynamic parameters of remodelling, including
mineral apposition rate, resorption rate, mineralising
surface and erosion surface (Schulte et al., 2011b).
The integration of time-lapsed imaging and
FE models has generated similar insights into the
mechano-regulation of remodelling in endocortical
bone (Birkhold et al., 2015) but has yet to be
implemented to study intracortical bone. With the
possibility of longitudinal in vivo imaging, future
models of cortical bone may consider more realistic
and variable BMU morphologies in the context of
their 3D surroundings to better understand how
the local mechanical environment might govern
BMU progression. The observation that osteons
are generally aligned with the principal loading
direction (Heft et al., 1994; Petrtyl et al., 1996) has
engendered the widely accepted theory that BMU
trajectories are guided by mechanical stimuli without
direct evidence of BMU progression responding
to known loading conditions. Furthermore, the
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inability of previous in silico models to predict
spatial patterns of bone resorption and formation
(Schulte et al., 2013b; 2013a) suggests a local feedback
mechanism exists that determines if bone is formed
or resorbed in a site-specific manner. If so, local
strain concentrations surrounding pores and osteon
boarders would make important contributions
to the mechano-regulation of BMUs. FE models,
including intracortical microarchitecture, are needed
to reveal the complex strain distributions associated
with the intricate network of Haversian systems.
Beyond understanding the influence of mechanical
environment on intracortical remodelling, time-
lapsed imaging of cortical BMUs can provide the
empirical data to derive and validate in silico models
of altered bone remodelling in disease states or
by pharmaceutical treatments in a way that was
not possible before. Successful models will greatly
increase the rate of research discovery as a platform
to test existing and future treatments. Treatment
strategies may be modelled and manipulated
iteratively in silico with promising outcomes then
being tested experimentally.

Hybrid imaging approaches

Fluorochrome labelling of bone formation was
pioneered 60 years ago (Frost et al., 1961) and remains
the standard technique to examine and quantify
dynamic parameters of bone remodelling. While this
is not without reason, there is potential to combine
histology with non-destructive imaging techniques
(e.g. pCT), such as CT-guided histology or end-point
histology, to alleviate some of the limitations of
both modalities and gain novel insights into bone
remodelling. Many studies already include both
histology and uCT methods and the findings are
presented as complementary, yet separate measures.
CT-guided histology may be the next step for truly
integrating these techniques. Capturing active
remodelling sites in thin histological sections is
fortuitous and, if observed, the state of the BMU can
be difficult to discern in a transverse cross-section.
A longitudinal section through a BMU (Fig. 3a)
helps identify the presence, sequence and spatial
relationship of cells throughout the different phases of
remodelling but, due to the semi-random and oblique
orientation of BMUs, precise longitudinal sectioning
is challenging and rarely reported in the literature
(Lassen et al., 2017; Schenk and Willenegger, 1964).
As a non-destructive technique, pCT could be used
to locate remodelling sites and guide the histological
sectioning of individual BMUs. Recently, a method
for merging histological and uCT images of bone
lesions in the femoral head was developed (Mourad et
al., 2018), but the potential of such techniques in bone
remodelling analysis has yet to be realised. End-point
histology would also serve to validate information
from 3D imaging. For instance, the 3D morphological
analysis proposed herein would assume that the
identifiable physical features of a BMU are associated
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with changes in cellular activity (e.g. a change in
slope may be defined as the beginning or end of the
resorption or formation phase). Measurements of
osteoid formation or the presence of specific cells in
the corresponding histological slice would serve to
validate the morphological analysis and inform more
realistic assumptions for 3D-based assessments.
Beyond measures of vascular porosity captured
using conventional X-ray uCT, SR uCT may provide
insight into the dynamics of bone remodelling.
Phase contrast leverages the differences in X-ray
refractive indices within a target sample to enhance
image contrast and reveal small variations in tissue
mineralisation that would otherwise be muted with
conventional absorption-based X-ray imaging. In
bone, this technique is particularly well-suited for
the segmentation of secondary osteons (Gauthier
et al., 2019; Maggiano et al., 2016). Maggiano et al.
(2016) used phase contrast to delineate the cement
line of individual osteons (Fig. 3d) and illustrated
the inter-connected network of Haversian systems
in 3D, a level of complexity that was previously
underappreciated. With regards to remodelling
activity, the connectivity and branching patterns
of osteons noted by Maggiano et al. (2016) gives
new insight on the activation site and trajectory of
BMUs. The ability to visualise cement lines in 3D
also presents an opportunity to investigate unknown
parameters of BMU behaviour, such as asymmetric
resorption and formation activity that may lead
to “drifting osteons” (Robling and Stout, 1999) or
the size of the cutting cone over the lifetime of the
BMU. Another exciting development on the horizon
is the dynamic labelling of bone formation in 3D
through K-edge subtraction. The linear attenuation
coefficient of an element is a function of the X-ray
energy and a sudden change in the linear attenuation
coefficient will occur when the X-ray energy is equal
to or greater than the binding energy of the K-shell
electron. The K-edge subtraction technique exploits
this element-specific attenuation discontinuity by
imaging above and below the K-edge energy to
detect and map a single element of interest. Elements
such as barium and strontium are incorporated into
newly formed bone, similar to tetracyclines, and
have shown potential as labels of bone formation
in 3D. K-edge subtraction of strontium labels in
the vertebrae of OVX rats indicated periosteal bone
formation and trabecular remodelling (Cooper et
al., 2012). Similarly, barium was detected in areas of
new bone formation in growing rats, including the
epiphyses and metaphyses of the femur and tibia as
well as the newly forming trabeculae and periosteal
cortical bone throughout the diaphysis (Panahifar et
al., 2016). Although K-edge subtraction has yet to be
applied to cortical bone remodelling, in vivo 3D labels
of bone formation could support the aforementioned
time-lapsed analysis of BMU activity and elucidate
the radial and longitudinal rate of bone formation.
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Conclusions

Despite its central role in bone adaptation and
disease, the spatio-temporal organisation of BMUs
in cortical bone has never been directly observed
in vivo. Hence, the 3D and 4D coordination of
BMU behaviour is unknown. This knowledge gap
is attributed to limited imaging capabilities but
advances in imaging technology, such as in vivo SR
imaging, present new opportunities to investigate
BMU activity. A 3D morphological analysis of BMU-
related remodelling spaces offers meaningful and
accessible measurements that are telling of BMU
activity and would provide novel insights into
remodelling dynamics that may challenge existing
paradigms and enlighten new perspectives on the
remodelling process. Additionally, developing in
vivo imaging methods to track remodelling spaces
over time (4D) is an exciting opportunity on the
horizon that will enable direct assessment of BMU
advance. Such techniques will help clarify how
bone resorption and formation are spatially and
temporally synchronised as well as the impact of
interventions such as pharmaceutical treatments.
Developing in silico models that correspond with
this novel empirical data is a crucial component in
the experimental-theoretical pipeline in which new
treatment strategies may be iteratively modelled,
manipulated, optimised and experimentally tested
to accelerate research discovery and clinical impact.
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Discussion with Reviewer
Reviewer: What is the role of the local mechanical

environment on BMU activity and how can this be
isolated from other systemic factors?
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Authors: The local mechanical environment is
thought to play a role in nearly all aspects of bone
remodelling, potentially determining the initiation
site of a BMU, its trajectory, the volume of bone
resorbed and formed as well as the coupling of
the resorption and formation phases. Direct in vivo
evidence confirms that the site of remodelling and
the amount of bone resorbed and formed is directly
related to the local mechanical environment (e.g.
strain energy density); however, this has only been
demonstrated in trabecular and endocortical bone
and remains unknown for intracortical bone. The
link between the mechanical environment and BMU
trajectories in cortical bone was originally inferred
from observational studies that noted the alignment
of Haversian systems with the principal loading
direction in long bones. While computational models
have since substantiated this hypothesis, explicit
manipulation of the mechanical loading environment
and its effects on BMU trajectory have notbeen studied
in depth. Similarly, a few different mechanisms by
which the local mechanical environment regulates the
coupling of bone resorption and formation have been
proposed but experimental evidence is lacking. The
reduced bone formation observed after unloading
supports the notion that mechanical stimuli affect
formative activity but does not demonstrate complete
uncoupling due to changes in the mechanical
environment.

The local mechanical environment may control
these aspects of BMU activity through a cellular
response, primarily through mechanical stimulation
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of osteocytes and subsequent release of various
biochemical messengers. The mechanotransducive
role of osteocytes tightly regulates local bone
resorption and formation through the RANKL/OPG
and WNT signalling pathways; however, systematic
factors such as hormones and nutrition also affect
bone turnover. Some of these systematic factors also
act directly on the RANKL/OPG or WNT signalling
pathways and it may be difficult, if not impossible,
to completely isolate their effects on BMU activity
from that of the mechanical environment. Knockout
or transgenic animal models are an appealing option
to remove the influence of systematic factors but are
generally limited to small animals and pre-clinical
research. Even if systematic factors could be perfectly
controlled, it should not be ruled out that the influence
of the mechanical environment on remodelling is
likely co-dependent and modulated by systematic
factors. Therefore, completely removing them would
alter the observed response to mechanical loading.
An alternative approach may be to not isolate, but
account for, systematic factors. For example, if one
could quantify the mechanical sensitivity in an
osteoporosis and control model, then it would be
possible to determine the extent to which systematic
factors known to be different between conditions (e.g.
oestrogen) contribute to the remodelling response
versus the response due to the mechanical stimuli.

Editor’s note: The Scientific Editor responsible for
this paper was Stephen Ferguson.
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