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1 Histological Appearance
of the Reversal-Resorption Phase

The recent revision of the successive steps of bone remodeling has provided a new
perspective on this process during physiological and pathophysiological conditions,
and the critical remodeling steps contributing to bone loss. We know now that bone
remodeling comprises three successive phases: (1) a short initial resorption phase
by primary osteoclasts, (2) a longer reversal-resorption phase with intermixed rever-
sal cells (osteoprogenitors) and secondary osteoclasts, and (3) a subsequent forma-
tion phase with mature bone-forming osteoblasts [1], as extensively discussed in the
previous chapter and illustrated in Fig. 1. In cortical bone, it is important to be aware
of the fact that intracortical remodeling events not only generate new canals (type 1
remodeling), but also remodel existing canals (type 2 remodeling) [2—7]. In adults,
type 2 remodeling is much more prevalent than type 1 remodeling, as the intracorti-
cal canal network is now fully developed.

Bone remodeling cycle
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Fig. 1 Models of the sequential steps of the intracortical and trabecular bone remodeling cycle
conducted by basic multicellular units (BMUs), as a function of time. Note that intracortical
remodeling events may either generate a new canal (type 1) or remodel an existing canal (type2).
Importantly, all type 1 events start as a type 2 event, branching of to form a new canal. Trabecular
remodeling events are separated from the marrow cavity by a so-called bone remodeling compart-
ment (BRC) canopy, which corresponds to lifted a bone marrow envelope (BME) (see previous
chapter). OC, osteoclast; Rv.C, reversal cells; OB, osteoblast; BLC, bone lining cell
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Histologically, the reversal-resorption phase can be observed as eroded surfaces
colonized by a mixture of mononucleated reversal cells and scattered multinucle-
ated osteoclasts, creating deeper eroded surfaces in cancellous bone or widening the
eroded pores in cortical bone until bone formation is subsequently initiated [1].
Indeed, most of the bone resorption occurs in the reversal-resorption phase, as the
initial resorption generating these eroded surfaces is only responsible for 17%
(5-52%) of the resorption conducted by cortical remodeling events [1].
Histomorphometric studies on human bone have reported that more than 80% of the
eroded surfaces are colonized by reversal cells [§—12]. The remaining surfaces are
colonized by primary osteoclasts and in particular secondary osteoclasts of the
reversal-resorption phase, supporting that more than 95% of the eroded surfaces
reflect remodeling events in this phase. This renders the extent of eroded surfaces on
trabecular bone and prevalence of eroded pores in cortical bone a suitable estimate
of the extent surfaces/pores within the reversal-resorption phase.

2 Histomorphometry of Eroded Bone Surfaces

Eroded surfaces have been investigated by bone histomorphometry for decades, as
a static morphometric parameter. Unfortunately, eroded surfaces are often mislead-
ingly referred to as scalloped, irregular, crenated, or lacunar surfaces [12-14], ren-
dering their analysis subjective and inaccurate. The same holds true for the eroded
surfaces embedded in the bone matrix as cement lines [12, 14, 15]. Instead, eroded
surfaces should strictly be defined as surfaces with erosions breaking the lamellae
of the existing bone structural units, as a clear sign of osteoclastic resorption [2, 8].
This new definition provides a more accurate and robust definition of these surfaces
in both trabecular and cortical bone (Fig. 2). The broken lamellae are clearly visible
under polarized light if the specimens and sections are appropriately handled.
Importantly, one should think of the erosion as a canyon, where the erosion (broken
lamellae) is clearest on the canyon walls at either side, but where the complete can-
yon is created by erosion, although the broken lamellae are less clear on the canyon
floor. The detection of eroded surfaces is not dependent on the presence of osteo-
clasts or neighboring osteoid surfaces. Eroded surfaces may not only reflect remod-
eling sites with active eroded surfaces, but also so-called arrested reversal surfaces,
which previously have been defined as reversal surfaces without any neighboring
osteoclasts or osteoid surface [8, 11, 16]. Moreover, the eroded surfaces may also
represent remodeling sites with an insufficient remodeling-based bone formation
(RBF) having a negative BMU balance [17, 18], leaving behind part of the eroded
surfaces on the canyon wall without formation. In contrast, some remodeling sites
may have an overflow RBF having a positive BMU balance [15, 19, 20]. In this
case, the bone formation extends beyond the eroded cement lines (classically called
scalloped cement lines) and onto neighboring quiescent surfaces, forming quiescent
cement lines (classically called smooth cement lines) [15, 19-22]. Importantly, this
strict new definition of eroded versus quiescent surfaces also applies to when these
surfaces are embedded in the matrix as erosive versus quiescent cement lines
(Fig. 2).
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Fig. 2 Histological appearance of eroded surfaces (ES) within active and quiescent remodeling
sites in trabecular bone. Note that some ES are arrested—defined as ES with no osteoclasts or
adjacent osteoid surface (OS)—due to problems with the transition into bone formation. The thick-
ness of bone formed may not refill the erosion exactly. In some cases it either overfills (overflow
remodeling-based bone formation (RBF)) upon the adjacent quiescent surface (QS) or underfills
(insufficient RBF) the erosion, leaving behind part of the ES

As the classical definition of the eroded surfaces has been imprecise, many lead-
ing bone histomorphometry groups have justifiably only included eroded surfaces
clearly fulfilling the classical definition. A comparison across numerous studies and
groups shows that the classical definition resulted in variable median estimates of
1.0-5.3% ES/BS (eroded surface/bone surface) on trabecular bone of post-
menopausal osteoporotic (PMO) women (Table 1). On the other hand, the new defi-
nition resulted in mean estimates of 14-15% ES/BS on trabecular bone of PMO
women (Table 1). This highlights that the classical definition underestimates the
eroded surfaces, and consequently the percentage of trabecular bone surfaces within
the reversal-resorption phase. Accordingly, this may explain why its importance has
been vastly overlooked.

In rodent bone, eroded surfaces are more difficult to recognize, as the erosions
are quite shallow, especially in mice [14]. Moreover, the investigations are often
conducted in growing rodents that have pronounced bone modeling [31], rendering
it difficult to separate erosions due to modeling from remodeling activities. In rats
above 6 months of age, it is considered valid to assume that the investigated eroded
surfaces are mainly a remodeling-based parameter [14]. Overall, this presents a
challenge for the histomorphometric investigations of remodeling-based eroded
surfaces, i.e. reversal-resorption phase, in mice and young rats.
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Table 1 Trabecular bone estimates of eroded surface per bone surface (ES/BS) within post-
menopausal controls (PMC) and post-menopausal osteoporotic (PMO) women

Eroded surface (ES/BS, %)

References Subjects| Age (years) |PMC women | PMO women
Classical | Recker RR et al. 52 71.8% (x4.8)° 2.13% (1.52-2.47)f
definition | 2008 [23]

Recker RR et al. 8 61.6* (=5.8)° 1.67* (x0.48)¢

2009 [24]

Eriksen EF et al. 26 66.1* (x8.9)° 5.0* (21.63)°

2002 [25]

Eriksen EF et al. 32 644 (52-74)° | 7.1° 5.3 (1.7-18.1)¢

1990 [18] 89 66 (52-75)° | (2.9-16.9)¢

Dempster DW 8 548 4.69* (£0.7)¢

et al. 2001 [26]

Dempster DW 38 (60-91)° 1.0° (0.6-1.9)"

etal. 2018 [27]

Chavassieux P 37 70.0° (£6.3)¢ 4.4%(3.3,7.6)"

etal. 2019 [28]

Chavassieux P 71 (44-84)° 1.89-3.41*

et al. 1997 [29] (0.12-0.50)¢
New Jensen PR et al. 64 (44-84)° 142 (£5)°
definition | 2015 [30]

Andersen TL etal. | 10 65 (£5)° 16 (29)¢ 15 (£6)°

2013 [8] 23 708 (£5)¢

Percent ES/BS and ages of women are reported as mean® or median® with (+ SD)°, (= SEM),
(range)®, (95%CD), (10th-90th percentile range)e, or (25th—75th percentile range)". ‘Reanalysis of
the same specimens

3 How to Investigate the Remodeling Events Responsible
for Bone Loss?

The absence and loss of information is a major challenge when investigating the
remodeling events responsible for bone loss, as we can only investigate the bone
structures that remain, and not the bone structures that have been lost. This is espe-
cially a problem when studying the remodeling events responsible for the age-
related loss of trabecular bone [32-34] and for osteoporosis [35, 36], since we do
not know how much bone is lost, but only how much bone remains. Here, it is
important to note that aging is associated with a reduced number of trabeculae,
while the thickness of the remaining trabeculae is less affected (Fig. 3). Accordingly,
the histomorphometric properties observed in bone specimens from the elderly may
rather reflect why the investigated trabeculae in elderly are remaining, and not why
the trabeculae are gradually lost with age. The same is the case for bone histomor-
phometric studies that compare the trabecular bone remodeling of osteoporotic
patients with controls.
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Fig.3 Changes in trabecular and cortical bone structure with age in men (blue dots and lines) and
women (red dots and lines). Redrawn from the data of Thomsen JS et al. [32] and Bach-Gansmo
FL et al. [33]

In contrast, cortical porosity gives a more direct and reliable measure of the
actual age-related cortical bone loss (Fig. 3). Here, the increasing cortical porosity
can be directly linked to the remodeling events contributing to the bone loss. This is
done by combining measurements of the individual pore cross sectional area with
detailed histomorphometry of their respective remodeling type, stage and position,
as well as measurements of the quiescent osteon diameter and wall thickness [2, 3,
37]. The cortical porosity cannot apply to total bone loss, since an excessive cortical
porosity leads to trabecularization reducing the cortical thickness, as also seen with
age (Fig. 3). This again renders it difficult to estimate the true extent of the cortical
bone loss, especially in elderly patients with a severe bone loss (cortical thinning)
due to osteoporosis or similar pathological conditions [35, 36].

4 Contribution of the Reversal-Resorption Phase
to Bone Loss

As a consequence of the above considerations, bone histomorphometry studies
focusing on age-related increase in cortical porosity may provide the most reliable
assessment of the remodeling events responsible for the age-induced bone loss.
Note that this elevated porosity is the result of enlarged pores, not a higher pore
density [38—42]. Such studies have shown that the accumulation and coalescence of
enlarged eroded pores upon existing intracortical canals (type 2 remodeling) was
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the main contributor to age-related cortical porosity in iliac bone specimens from
women [2]. Likewise, as shown in fibular bone these accumulating eroded pores led
to endocortical trabecularization [37], and to enhanced cortical fragility [43]. This
accumulation of eroded pores and reduced abundance of formative pores support
the concept that a prolongation of the reversal-resorption phase, causing a delayed
initiation of subsequent bone formation, is a major contributor to the cortical bone
loss [1, 2, 37, 43]. Nevertheless, it remains an open question whether this reflects a
generalized prolongation of the reversal-resorption phase in all BMUs or an accu-
mulation of remodeling sites with uncoupled BMUs with a persistent lack of transi-
tion to subsequent bone formation (Fig. 4).

These recent studies on iliac cortical bone question the classical concept that a
negative BMU balance is the driver of cancellous and cortical age-related bone loss
[18, 44-50]. According to this classical concept, the magnitude of bone resorption
(erosion depth or osteon diameter) was reported to be followed by an insufficient
magnitude of bone formation (wall thickness), resulting in remodeling sites with an
insufficient RBF (Fig. 2). This would then cause a net bone loss at each remodeling
cycle, which would accumulate over time and hence result in an age-related bone
loss. If this was the case for cortical bone, the pore diameter of quiescent osteons
should increase with age and their pore cross sectional area should be the main
contributor to the cortical porosity. This was, however, not the case in the recent
detailed analysis of the remodeling events contributing to the cortical porosity with

Types of basic multicellular units (BMUs) and their net bone loss
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Fig.4 Model of the different types of trabecular and intracortical BMUs, their sequential remod-
eling steps and their net bone loss (—A). The bone loss may be the result of BMUSs with a coupled
resorption and formation, but where the formation underfills the erosion (negative BMU balance).
In other words there is insufficient remodeling-based bone formation (RBF). The bone loss may
also be the result of BMUs with an uncoupled resorption and formation, causing erosions with no
or a much delayed transition to formation. These surfaces are also referred to as arrested erosion
reflecting BMUs with an arrested reversal-resorption (Rv-Rs) phase. These uncoupled BMUs
seem to be the main contributor to the age-related cortical bone loss in women [2]
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age [2, 3], demonstrating that the accumulation of enlarged eroded pores (not qui-
escent pores) was the main contributor to the increase in cortical porosity with age.
One may question whether the conclusions drawn in cortical bone are transfer-
able to cancellous bone. Is the prolongation of the reversal-resorption phase also
contributing to cancellous bone loss during aging and osteoporosis? This may be the
case, as osteoporotic patients have been reported to accumulate remodeling sites
arrested in the reversal-resorption phase [8, 11]. These remodeling sites had a low
density of reversal cells, i.e. osteoprogenitors [8, 11], rendering it difficult to reach
the critical density of osteoprogenitors required for initiation of bone formation and
thereby transitioning to the subsequent remodeling-based bone formation [1].
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