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ABSTRACT
Cortical bone remodeling is carried out by basic multicellular units (BMUs), which couple resorption to formation. Although fluoro-
chrome labeling has facilitated study of BMU formative parameters since the 1960s, some resorptive parameters, including the lon-
gitudinal erosion rate (LER), have remained beyond reach of direct measurement. Indeed, our only insights into this spatiotemporal
parameter of BMU behavior come from classical studies that indirectly inferred LER. Here, we demonstrate a 4D in vivo method to
directly measure LER through in-line phase contrast synchrotron imaging. The tibias of rabbits (n= 15) dosed daily with parathyroid
hormone were first imaged in vivo (synchrotron micro-CT; day 15) and then ex vivo 14 days later (conventional micro-CT; day 29).
Mean LER assessed by landmarking the co-registered scans was 23.69 � 1.73 μm/d. This novel approach holds great promise for
the direct study of the spatiotemporal coordination of bone remodeling, its role in diseases such as osteoporosis, as well as related
treatments. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Soci-
ety for Bone and Mineral Research (ASBMR).
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Introduction

Bone is a highly dynamic tissue, continuously altering its
microarchitectural properties in response to environmental

and mechanical stressors.(1) Through the process of remodeling,
tissue turnover is carried out by specialized cellular groupings
first described as basic metabolizing units(2-4) and later, more
commonly referred to as basic multicellular units (BMUs) (5)

(Fig. 1). In cortical bone, localized resorption by the BMU’s osteo-
clastic cutting cone creates a cylindrical tunnel or remodeling
space. In classical descriptions, this is followed by a quiescent
reversal zone where resorption has ceased but formation has

yet to start.(6) Recent studies have revealed this region actually
reflects a mixed reversal-resorption phase where osteoprogeni-
tor expansion and osteoclastic radial resorption of the BMU
co-occur until, it is postulated, a cellular density threshold of
osteoprogenitor cells is reached and formation is initiated by
osteoblasts.(7) This final, formative phase of the BMU takes the
form of a closing cone, filling the remodeling space with miner-
alizing osteoid around a contracting central vascular canal. The
structural products of remodeling in cortical bone, Haversian sys-
tems (synonymous with secondary osteons), permeate and vas-
cularize the mineralized matrix; thus, BMUs are essential for
the lifelong maintenance and optimization of bone material
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properties and microarchitecture. Under normal conditions, the
resorptive activities of the BMU are spatially and temporally
“coupled” to its formative activities, and the extent of each is bal-
anced (Fig. 1). Bone loss, such as that observed in osteoporosis
(OP), occurs when remodeling becomes imbalanced (ie, resorp-
tion outweighing formation)(8,9) or uncoupled (ie, arrest within
the reversal zone with no subsequent bone formation).(7,10,11)

In the cortex, net bone loss, summed across a multitude of indi-
vidual BMUs, is manifested as increased cortical porosity and tra-
becularized or thinned cortices,(12,13) leading to fragile, brittle
bones, which aremuchmore susceptible to fracture.(14,15) Of par-
ticular concern is that increased porosity inherently creates a
larger intracortical surface for further remodeling to occur
upon.(16) Worldwide, hundreds of millions are afflicted with OP,
and the costs reach into the billions(17); however, despite the
daunting scale of these human and economic impacts, we know
relatively little about the spatiotemporal (3D over time, or 4D)
regulation of BMU activity and this deficit is particularly acute
for cortical bone. Although OP research has traditionally focused
on trabecular bone loss (mass and density), the cortex is increas-
ingly understood to be a site of significant bone loss and
fracture.(18)

The 4D behavior of BMUs has not been replicated in vitro and
has never been directly observed in vivo. Consequently, what we
currently know about coordination of cortical remodeling is
derived from relatively few 3D serial/sequential sectioning stud-
ies of both trabecular and cortical bone,(10,11,19-25) which gener-
ate data that are inherently static in nature. Dynamic insight
into BMU activity via fluorochrome (eg, tetracycline) labeling of
bone formation was pioneered more than 50 years ago by Frost,
one of the most influential researchers to shape the field of skel-
etal biology.(26) Over his illustrious career, Frost’s contributions
were unequivocal, and perhaps his most influential work was
defining the BMU as a unified, regulatory intermediary unit
(between the level of cell and tissue) that dictates the coupling
of bone resorption with formation. Although the formative activ-
ities of the BMU could be tracked over time using Frost’s innova-
tive approach—including in 3D when combined with serial

sectioning(27)—a similar assessment of the resorptive phase
could not. A key example, and focus of the current study, is the
longitudinal erosion rate (LER)—the rate of advance of the
BMU cutting cone over time. To date, LER has only ever been
inferred in a few species (Fig. 2), yielding measurements ranging
from 20 to 44 μm/d (Fig. 2; Table 1).

Jaworski and Lok,(28) for example, relied upon the assumption
of a constant distance from the tip of the cutting cone back to a
fluorochrome label (mineralizing osteoid) or, similarly, the cut-
ting cone matching the advance of the osteoid seam beyond a
label for their LER measures, whereas Takahashi and Nori-
matsu(30) inferred LER from the advance of the closing cone
(bone formed between two labels), assuming it was synchro-
nized with the cutting cone advance. After decades, these pio-
neering studies remain our only assessments of LER, with the
value of �40 μm/d all but treated as a constant across skeletal
elements, species, and disease states (Table 1). Indeed, many in
silico studies use this value for analyzing different aspects of
BMU behavior. For example, Buenzli and colleagues(31) used
LER of 40 μm/d to investigate the spatiotemporal distribution
of osteoclastic and osteoblastic cell populations in the BMU at
different maturation stages. They found that the precursor cells
in the reversal zone play a crucial role in separating the cutting
cone and closing cone. Furthermore, their model predicted that
perturbing the biochemical environment in the BMUmay lead to
imbalanced remodeling, which has been subsequently con-
firmed experimentally. A follow-up cortical bone study by Buen-
zli and colleagues(32) looked at in silico modeling of individual
osteoclastic resorption events that are responsible for the shape
of the BMU cutting cone. For that study, the rate of blood vessel
growth in the BMU, which produces osteoclastic precursor cells,
was assumed to be 40 μm/d, which led to a LER of similar magni-
tude. A study by Ryser and colleagues(33) looked at removal of
microcracks by BMUs and the potential of a single BMU to
change its path in order to target microcracks/bone matrix dam-
age. The latter work utilized a LER of 40 μm/d.

Treating LER as a constant is highly problematic as: (i) the orig-
inal data from canines showed a great deal of variation,

Fig. 1. Basicmulticellular unit (BMU)morphology and remodeling states. Schematic view of the BMU in cortical bone (top) and its relation to porous struc-
tures (remodeling space and persisting vascular canal = orange) in the balanced, imbalanced, and uncoupled states (bottom).
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undermining the very assumptions the measurements were
based upon(28,30); (ii) synchronicity of the phases of the BMU can-
not be taken as a given—particularly in light of recent concepts
focused on the role of uncoupling in bone loss; and (iii) even the
classical studies provide evidence that LER could vary in disease
states such as uremia, where it was depressed in afflicted versus
normal dogs.(29) Moreover, the extremely limited data available
for humans appears to suggest lower LER values relative to other
species (extrapolated by Parfitt(6) from published and unpub-
lished data). Given all the problematic assumptions in these clas-
sical studies and the enduring gaps in our knowledge, the larger
significance of LER in BMU remodeling and diseases such as OP
remains unclear. It is an open question whether LER could play
a role in BMU coupling. For example, is uncoupling associated
with the faster advance of the closing cone, resulting in a larger
reversal-resorption zone and decreased time for the critical
threshold of osteoprogenitors to be reached(7,25)? Might the con-
verse be true with a lower LER improving coupling and overall
balance of BMU activity? Could modulation of LER present a
new avenue for interventions aimed at preventing or reversing

bone loss? These questions have remained unanswered as we
lack a direct means to assess LER in vivo.

Around the turn of the millennium, X-ray micro-computed
tomography (micro-CT) underwent rapid development, seeing
use first ex vivo and soon after in vivo for trabecular bone imag-
ing and structural analysis. The latter has included longitudinally
tracking changes at the level of individual trabeculae over
time.(34,35) Although the translation of this technology to cortical
bone porosity occurred relatively early,(36) the translation to
in vivo cortical porosity imaging in preclinical models has been
relatively rare,(37,38) being impeded by the need for higher reso-
lution and, concomitantly, higher radiation dose. Indeed, repeti-
tive in vivo trabecular bone protocols with typical image
resolutions of 9 to 18 μm(39-41) and radiation doses in the range
of 0.5 to 1 Gy are known to cause adverse effects, such as
reduced bone volume fraction in the tibiae of mice.(39,41-43)

In vivo synchrotron radiation (SR) scans of 13-week-old mice’s
knees at a dose of 5 Gy have also reported adverse effects on tra-
becular bone 10 days post scan.(44) In X-ray tomography, resolu-
tion is inversely proportional to radiation dose, and the

Fig. 2. Assessment of basic multicellular unit (BMU) longitudinal erosion rate (LER) in cortical bone. Classical indirect method for inferring BMU LER from
fluorochrome labeling of the closing cone (top) and the novel proposed direct method of measuring advancement of the cutting cone using in vivo imag-
ing and image registration (bottom).

Table 1. Summary of Classical Studies of Longitudinal Erosion Rate (LER)
Publication Species Element LER (μm/d) Age Sex

Jaworski and Lok(28) Dog Rib 39.2 � 14 1 year Male
Jaworski et al.(29) Dog (uremic) Rib 27.97 � 0.8 1 year Male
Jaworski et al.(29) Dog Rib 43.61 � 0.66 1 year Male
Takahashi et al.(30) Dog Rib 40.8 � 15.0 Adult Male
Takahashi et al.(30) Dog Humerus 34.9 � 13.3 Adult Male
Takahashi et al.(30) Dog Radius 34.7 � 13.5 Adult Male
Takahashi et al.(30) Dog Ulna 32.9 � 11.7 Adult Male
Takahashi et al.(30) Dog Femur 39.2 � 13.5 Adult Male
Takahashi et al.(30) Dog Tibia 37.0 � 13.2 Adult Male
Takahashi et al.(30) Dog Fibula 42.6 � 26.0 Adult Male
Parfitta(6) Monkey Rib 36.7 N/A N/A
Parfittb(6) Human Rib 27.0 N/A N/A

aUnpublished data from Oliver and Crouch.
bHuman LER calculated based on the assumption that cortical remodeling between humans and monkeys is similar and thus, measures such as radial

erosion rate are interchangeable between species.(6)

Journal of Bone and Mineral Researchn 2246 HARRISON ET AL.



relationship is not linear—doubling resolution involves 16 times
the dose if image quality is to be maintained,(45) and multiple
scans further exacerbate this over time.(46) Thus, although
micro-CT is certainly capable of resolving cortical bone porosity
in preclinical animal models, including BMU-related remodeling
spaces, in vivo tracking of these spaces has not been attempted.
A potential solution to circumvent the punishing relationship
between resolution and dose is through X-ray phase contrast
SR micro-CT.(47) In conventional X-ray imaging, the contrast
mechanism is absorption of X-rays by tissue, which equates
directly to dose. Exploiting the phase contrast created by the
refraction and/or scattering of X-rays rather than absorption
within a sample creates the opportunity for improved contrast
at equivalent or even potentially lower doses. This principle
works particularly well for imaging cortical bone porosity with
SR micro-CT, where there is a significant difference in the refrac-
tive indices between bone and the soft tissue within its
pores.(48,49)

Beyond radiation dose limitations associated with imaging, an
additional challenge is the need for an animal model that
exhibits cortical remodeling similar to that observed in humans.
Notably, small rodents such as themouse and rat have very small
vascular canals within their cortices that are not only challenging
to image in vivo but, most critically, these species exhibit little or
no cortical remodeling.(50,51) The rabbit is the smallest laboratory
animal with cortical bone remodeling similar to humans,(49,52-54)

and we previously reported several interventions capable of ele-
vating cortical remodeling in the rabbit, including parathyroid
hormone (PTH) dosing, ovariohysterectomy (OVH), glucocorti-
coid (GC) dosing, and combined GC + OVH.(49) Of note, while
this study reported ovariectomy (OVX) was performed, it has
since been confirmed surgery was actually ovariohysterectomy
(OVH). PTH exhibited the most dramatic increase in remodeling
rate, and this protocol was selected for the current study. Here
our primary objective was to deploy SR micro-CT to directly track
the LER of cortical BMUs in vivo for the first time. To achieve this,
we developed a novel approach at the BioMedical Imaging and
Therapy (BMIT) facility of the Canadian Light Source (CLS) syn-
chrotron focused on the PTH-dosed rabbit model. Secondarily,
we explored the potential impact of varied radiation dose
(1, 2.5, and 5 Gy) on LER and other outcomes, basing this range
upon values reported in the literature.

Materials and Methods

Animals

Fifteen skeletally mature, 6-month-old (3.7 to 3.9 kg) female
New Zealand White rabbits were acquired from Charles River
Laboratories (Quebec, Canada). Animals were housed individu-
ally in stainless-steel rabbit racks in the University of Saskatche-
wan’s Health Sciences Laboratory Animal Services Unit, a
Canadian Council on Animal Care (CCAC)-accredited facility. A
computerized system controlled room temperature and humid-
ity, and the light cycle was maintained at 12:12 (12 hours dark
and 12 hours of light). Standard rabbit chow, alfalfa cubes, and
reverse osmosis water via an automated watering system were
provided ad libitum. Animals were acclimatized for a minimum
of 7 days before any experimental procedures commenced. All
animal work was carried out under animal use protocol (AUP
20170068), which was approved by the University of Saskatche-
wan’s Animal Care Committee and adhered to the CCAC guide-
lines for humane animal use.

PTH rabbit model of elevated remodeling

While rabbits do exhibit spontaneous cortical bone remodeling,
the rate of remodeling or activation frequency (Ac.f—birth rate
of new BMUs [#/mm2/year]) is low; thus, we sought to increase
the number of BMUs available for LER analysis through daily dos-
ing with human PTH 1 - 34 (Alfa Aesar, Ward Hill, MA, USA), a
known elevator of cortical remodeling/porosity within rab-
bits.(49,55-58) The intermittent PTH rabbit model used in this study,
as previously described by our group, results in a dramatic
increase in remodeling rate (14.2-fold increase in activation fre-
quency over sham controls).(49) Briefly, each rabbit received a
daily dose (via subcutaneous injection) of human PTH(1-34) at a
concentration of 30 μg/kg/d for 28 days. Animals were moni-
tored daily at the time of injection, as well as weekly to assess
weight. Weights were measured once before dosing com-
menced (day 0) and once weekly thereafter until the last week
(day 25). The fluorochrome calcein (Sigma Aldrich, St. Louis,
MO, USA) was administered by subcutaneous injection at a dose
of 10 mg/kg on days 15 and 16 (label 1) and then on days 27 and
28 (label 2) of the treatment period to facilitate dynamic histo-
morphometry. Imaging (see below) was performed in vivo on
day 15. After the dosing period was complete (day 28), animals
were euthanized on day 29 by intravenous injection of pentobar-
bital sodium (Euthanyl; Bimeda-MTC, Animal Health Inc, Cam-
bridge, Canada) at a dose of 0.4 mL/kg. Post-euthanasia, the
right and left tibias were removed, dissected of soft tissue, and
fixed in 10% formalin ahead of ex vivo laboratory micro-CT
imaging.

In vivo SR micro-CT imaging protocol

All in vivo scans were acquired on the BMIT 05ID-2 beamline at
the CLS synchrotron (Saskatoon, Canada). Rabbits were anes-
thetized before imaging according to an established protocol
using a transnasal delivery of a sedative and anesthetic cocktail
(dexmedetomidine [0.1 mg/kg], midazolam [2.0 mg/kg], and
torbugesic [0.4 mg/kg]) and supported during imaging via
inhaled isoflurane gas.(59) During scanning, the rabbits were
restrained in a custom holder adapted from a design by Voor
and colleagues.(60) An indirect X-ray detector system composed
of a C11440-22CU Orca Flash 4.0 camera paired with an AA60
beam monitor (Hamamatsu Photonics, Hamamatsu, Japan)
and LuAG:Ce 200-μm-thick scintillator was used to achieve an
effective pixel size of 13.05 μm at the sample location. Source-
to-sample distance was 58 m and sample-to-detector distance
was 60 cm, the latter distance being chosen to impart in-line
phase contrast to the projection images and subsequently
reconstructed tomograms. The monochromatic X-ray beam
was produced by a superconducting wiggler operated at 2.5T,
passed through a 3.3-mm Al filter, and selected at 37.5 keV
energy by the double bent Laue monochromator (Si 1,1,1).
Potential radiation dose effects were assessed by dividing ani-
mals into 3 groups of 5, each imaged at approximately
1 (low), 2.5 (medium), and 5 (high) Gy. These doses were chosen
based upon preliminary experiments with rats where we
employed 2.5 Gy(48) dose with no apparent short-term (eg,
2 weeks) radiation-induced side effects and the dose of 5 Gy,
a level where in vivo synchrotron imaging has been previously
reported to induce negative effects on trabecular morphology
over a time frame (10 days).(44) The scans were acquired as
the animals underwent continuous rotation through
180 degrees and no shuttering was employed. The dose rate
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was determined by the storage ring current (peak of 250 mA
after electron injection with subsequent decay) and Lucite
(poly(methyl methacrylate) [PMMA]) filters (80 to 120 mm).
The dose rate was measured in air at the beam entrance into
the experimental hutch in real time using a PinPoint ion cham-
ber (model 31014, PTW, Freiburg, Germany). The surface dose
at the sample position is based on the Inverse Square Law
and was calculated using the formula: I1/I2 = D2

2/D
2
1, where

D1 is the distance from the source to the beam entrance into
the hutch and D2 is the source to sample distance. I1 and I2
are the beam intensity (dose) at D1 and D2, respectively. In addi-
tion, to solve for I2, the surface dose at the target, attenuation
through air and the animal holder (made of PMMA) needs to
be considered using the formula I2 = I1e

[(μ
air.

X
air

) + (μ
PMMA.

X
PMMA

)]. Mass attenuation coefficients (μ/ρ) at 37.5 keV were
taken from NIST (https://physics.nist.gov/) and were used to
derive linear attenuation coefficients (μ). For air, the distance
between ion chamber and animal (Xair) was 648 cm, density
(ρair) is considered 0.001293 g/cm3, and linear attenuation coef-
ficient (μair) is 0.000324141 cm�1. For PMMA, thickness (XPMMA)
was 0.3 cm, density (ρPMMA) is 1.18 g/cm3, and μ(PMMA) is
0.2904 cm�1. The calculated dose rate was experimentally con-
firmed by placing the ion chamber at the animal location. Envi-
ronmental conditions (ie, temperature, humidity, and air
pressure) were corrected for final reporting of the dose. The
dose rate at the animal location at 37.5 keV is approximately
42% smaller than the dose rate at the hutch entrance, when
considering the distance through air, thickness of PMMA, and
inverse square of the distance. The rotation speed required to
achieve the desired incident surface dose was calculated factor-
ing in the dose rate (Gy/s) at animal location. Scan times varied
from 40 to 60 seconds with rotational speeds thus varying
between 3 and 4.5 degrees/second. The higher doses of 2.5
and 5 Gy enabled the collection of 1500 projections as opposed
to 1000 for the 1 Gy group. The estimated imaging doses were
confirmed experimentally through thermoluminescent dosim-
eter (TLD) chips (Mirion Technologies, Concord, Canada). Each
TLD chip was placed at the mid-field of view (FOV) correspond-
ing to the location of the in vivo scans. Fifteen chips (five/dose
group) were imaged, in vivo, with the full in vivo protocol
(including the initial vertical scout scan, described below) and
revealed an average radiation dose of 0.9, 2.4, and 5.4 Gy for
the low, medium, and high groups, respectively. Based upon
additional TLD measures in a subsequent study with matching
conditions for themedium radiation dose, scattered dose to the
body of the rabbits (including the non-imaged limb) was mea-
sured to be 0.30 mGy from which linear scaling can estimate
values of 0.12 and 0.60 mGy for the low and high radiation
doses, respectively.

The FOV was approximately 1 cm high and 2.6 cm wide,
which readily encompassed the width of the distal tibia. A ver-
tical scout scan (�8 cm) of the right tibial diaphysis was taken
before the rotational scan to locate the anatomical landmark,
the plafond, from which the stage would be raised 2 cm to
demark the start position of the in vivo scan. Vertical scout
scans ensured consistent identification of the FOV of cortical
bone within individual rabbits for subsequent ex vivo scans
but also among all the rabbits. Post imaging, the rabbits were
injected intramuscularly with the anesthetic reversal drugs ati-
pamezole (1 mg/kg) and flumazenil (0.02 mg/kg) and moni-
tored in a warmed recovery cage until fully recovered. For
the 2 weeks post in vivo imaging (days 15 to 28), rabbits were
monitored daily for indications of radiation impacts through

visual inspection of both the imaging site (ie, skin burns, hair
loss) and overall health (ie, loss of appetite, behavioral
changes, grooming changes, defecation quality, and
consistency).

Ex vivo micro-CT imaging protocol

Post euthanasia (day 29), both the previously in vivo (day 15)
imaged right and contralateral control left tibias from each rabbit
were removed and dissected of soft tissue. To help facilitate scan
co-registration, the FOV of the right tibia scanned in vivo was
identified on the same bone, ex vivo, with a single (2 cm) and
double (3 cm) cut mark proximal to the plafond to denote the
bottom and top of the FOV, respectively. Ex vivo scans were col-
lected with a SkyScan 1172 desktop micro-CT scanner (Bruker,
Kontich, Belgium). The FOV between the cut marks was imaged
at 74 kVp and 133 μA with an exposure time of 460 ms, 0.2� rota-
tion step through 180 degrees, 4-frame averaging, Al 0.5 mm fil-
ter, and voxel size of 4.93 μm.

Data reconstruction

The projectional data (both in vivo SR micro-CT and ex vivo
micro-CT) were reconstructed using the NRecon software pack-
age (Bruker) using conventional filtered back-projection. For
the SRmicro-CT data, phase retrieval was not employed and thus
the resulting images were, similar to the micro-CT data, domi-
nated by absorption contrast and with similar imaging energies
(monochromatic X-rays of 37.5 keV for SR micro-CT and energy
spectrum peak of 34 keV and estimated mean energy of
40.9 keV for micro-CT) with the addition of edge enhancement
yielding improved detection of the porosity.(48) Both sets of data
were generated as 8-bit bitmaps with their histograms matched
to facilitate standardized segmentation by a global threshold
consistent with that of our previous study,(49) which was cali-
brated by a phantom to 1.13 g/cm3 hydroxyapatite. This is a
slightly different approach from the previous analysis of these
data and an exploration of the impact on the outcomes (which
proved marginal) is presented in Supplemental Fig. S1. After
reconstruction, the ex vivo data were binned by 3D averaging
(2 � 2) to 9.86 μm using the software package Tconvert
(Bruker) to reduce the size of the data set and thereby facilitate
scan co-registration.

Scan co-registration and LER measurement

Scan co-registration and BMU LER measurement were
performed using AMIRA (version 2020.2; https://www.
thermofisher.com/amira-avizo). A schematic of the approach is
provided in Supplemental Fig. S2. The in vivo SR micro-CT and
ex vivo micro-CT scans of the right tibia for each rabbit were ren-
dered in 3D (Fig. 3, left), and the BMU-related remodeling spaces
and vascular canals were segmented using the standard global
threshold (Fig. 3, center). After segmentation, the 3D volume ren-
der of the in vivo SR micro-CT scan was manually aligned (trans-
lated and rotated) within the single- and double-cut marks of the
3D volume rendering of the ex vivo micro-CT scan and then
automatically co-registered by AMIRA’s Affine Registration Mod-
ule using rigid translation and rotation combined with isotropic
scaling. Registration was performed on the raw grayscale data
sets and convergence was based upon the correlation metric
of this AMIRAmodule. The segmented porosity was then visually
inspected to verify the fit of the co-registration between the two
data sets. Vascular canals that had not changed between scans
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served as natural biological fiducial markers. If the match was
poor, careful manual positioning was performed followed by a
repeat of the automatic registration. Surface renders of the cut-
ting cones of an individual BMUwere thenmanually landmarked
(Fig. 3, right; A2), yielding 3D coordinates: X1, Y1, Z1 (tip of the
cutting cone in vivo) and X2, Y2, Z2 (tip of the cutting cone
ex vivo). LER (μm/day) was calculated as D/T2-T1, where

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2�X1ð Þ2þ Y2�Y1ð Þ2þ Z2�Z1ð Þ2
q

and denotes the

distance between the tips of the cutting cones (in μm) and T2–
T1 denotes the time difference between the two scans (ie,
14 days) (Fig. 3, right; A2). For 3 of the 15 scan sets, regions of
extensive PTH-induced clustered porosity caused co-registration
failure (Fig. 4E). For the 12 successfully registered data sets,
reproducibility of the registration was explored by repeating
the registrations three times each and calculating precision as
the root-mean-square average of the standard deviation of the
transform parameters.(61)

Cortical porosity and geometry measurement

Assessment of potential in vivo radiation-related impacts on cor-
tical bone remodeling was performed on the corresponding
1 cm longitudinal FOV region of the distal diaphysis in the imag-
ing software package CTAnalyser (CTAn; version 1.16.4.1; Bruker).
The FOV was binarized using the standard global threshold to
measure cortical porosity (Ct.Po, %), mean canal diameter (Ca.
Dm, μm; a measure analogous to trabecular thickness(36)), and
cortical thickness (Ct.Th, μm) in 3D. In correspondence with the
previous study by our group,(49) a single, midpoint slice of the
1 cm region of bone was selected to analyze total area (T.Ar,

mm2), cortical area (Ct.Ar, mm2), and marrow area (Ma.Ar, mm2)
in 2D. This same process was also carried out on the left tibia of
each rabbit.

Dynamic histomorphometry

Histological assessment of cortical remodeling parameters
was conducted as described in our previous study.(49) Briefly,
confocal microscopy (Leica Microsystems, Wetzlar, Germany)
was used to image undecalcified cross sections (cut by dia-
mond wafer saw and polished to 150 μm) extracted from the
proximal end of the imaged FOV. Bright-field and fluores-
cence images were analyzed using ImageJ (https://imagej.
nih.gov/ij/). Single-labeled osteons (sL.On), double-labeled
osteons (dL.On), and resorption cavities (Rs.N) were manually
counted and normalized to Ct.Ar (sL.On/Ct.Ar, dL.On/Ct.Ar,
and Rs.N/Ct.Ar, mm�2). The ratio of labeled osteons to resorp-
tion cavities ([sL.On + dL.On]/Rs.N) was also calculated from
these data. Activation frequency (Ac.f ) was calculated as Ac.
f = ([sL.On+dL.On]/Ct.Ar)/σf (#/mm2/yr), where σf, the osteon
formation time, was calculated as W.Th/On.MAR. Osteon wall
thickness (W.Th) was measured as the distance between the
osteon canal and cement line in 20 randomly selected osteons
from each section. Osteonal mineral apposition rate (On.MAR,
μm/d) was calculated as the inter-label distance of up to
20 randomly selected dL.On, divided by the labeling period
(12 days). One animal in each dose group had no detectable
double-labeled osteons and thus On.MAR and Ac.f could not
be calculated for them. Finally, active remodeling centers

Fig. 3. Longitudinal erosion rate (LER) assessment based on synchrotron radiation (SR) micro-CT and micro-CT co-registered scans. (Top left) Rabbit skel-
etal schematic displaying region of the distal tibia scanned (transparent, orange square). (Bottom left) The in vivo SR micro-CT scan (translucent orange
render) at time 1 (T1, day 15) is co-registered within the ex vivo micro-CT scan (translucent, green render) from time 2 (T2, day 29). (Center) Cortical poros-
ity rendered alone revealing (A) classically shaped basicmulticellular unit (BMU)-related resorption spaces, (B) unchanged vascular canals, and (C) complex
irregular BMU-related resorption spaces. (Right) Zoomed-in views (A1, B, C) from central panel and (A2) a schematic depiction of the direct method of LER
assessment where LER = D/T2-T1, where D denotes the distance between the tips of the cutting cones (in μm) and T2-T1 denotes the time difference
between the two scans (ie, 14 days). Scale bar = 1 mm.
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(a.Rm.Cr, mm�2) was calculated as (sL.On + dL.On + Rs.N)/
Ct.Ar.

Statistical analysis

Statistical analyses were performed with SPSS version 27.0 (IBM,
Armonk, New York). All measures were tested for normality by
Shapiro–Wilk tests. One-way ANOVA (α = 0.05) was used to assess
LER, which had normally distributed outcomes. Comparisons of
the imaging and histomorphometric outcomes categorized by scan
type (right in vivo SR micro-CT versus right ex vivo micro-CT and
right ex vivo micro-CT versus contralateral left ex vivo micro-CT)
were carried out through repeated measures ANOVA (α = 0.05) if
normally distributed. In no cases were the main effect (eg, scan or
side) as well as the interaction with radiation dose group significant
and thus post hoc tests were not pursued. For parameters where at
least one dose groupwas non-normal, the nonparametric Wilcoxon
signed-rank test (α= 0.05)was employed tomakepairwise compar-
isons. Pooledweights at day 0 andday 25were normally distributed
and compared with a paired t test (α = 0.05); however, comparison
of weights among the three dose groups over the PTH dosing
period (4 weeks) was not normally distributed and thus these pair-
wise comparisons were assessed with the nonparametric Friedman
test (α = 0.05).

Results

Scans co-registration and LER assessment

Active cortical remodeling was readily apparent in the image
data sets as increased intracortical porosity and, in particular,
large BMU-related remodeling spaces (Figs. 3 and 4; Supplemen-
tal Fig. S4). The varying quality of the different in vivo (day 15)
scan radiation doses was visually apparent (see Supplemental
Fig. S4 for quantitative assessment of image quality), with the
low-dose group appearing the most noisy and progressive
improvement as dose increased (Fig. 4A–C; Supplemental
Fig. S5). The appearance of the ex vivo data was superior in terms
of resolution (eg, detection of small pores). Co-registration of the
data sets in general revealed excellent matches between the
scans (Figs. 3 and 4; Supplemental Fig. S3; Supplemental
Table S1), with close agreement between unchanged vascular
canals and the paths of BMUs being trackable in many cases.
Subtraction of the two registered data sets (Fig. 4F, G) provided
additional confirmation of the precision of the co-registration
with structures in common represented as gray, new resorption
after the in vivo (day 15) scan represented as black, and new
bone formation, both intra-cortically through remodeling and
at the surfaces throughmodeling, represented as white. The pat-
terns of bone formation observed in the subtraction images

Fig. 4. Representative 2D images depicting tibias from different animals scanned in vivo (day 15) at low (1 Gy, A), medium (2.5 Gy, B), and high (5 Gy, C)
radiation dose. A roughly matching (eg, raw image before any registration) ex vivo image of the same animal depicted in (C) is provided in (D). Large basic
multicellular unit (BMU)-related resorption spaces are evident in all four images. (E) A representative image from one of the animals that could not be
successfully registered because of the extensive intracortical remodeling as well as endosteal bone formation. Subtractive images for another specimen
calculated after registration are presented in (F) and (G), representing cross-sectional and longitudinal sections, respectively. Bone formation and resorp-
tion between the two scans are represented as bright and dark shades, respectively. Structures in common appear in shades of gray because of slight
variations in gray intensity between the scans. Endosteal bone formation is evident in both views and an advancing BMU with new resorption at the cut-
ting cone and trailing bone formation of the closing cone is present in (G).
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matched well with the fluorescence calcein-labeled confocal
(histological) images (Supplemental Fig. S4). The overall extent
and nature of remodeling varied from classically shaped BMUs
to extensive complex and irregular patterns, which precluded
co-registration in 3 cases (one animal from each dose group;
Fig. 4E is from one of the excluded animals). LER was assessed
for 186 BMUs from the 12 successfully co-registered data sets
(4/group, �12.4 BMUs/rabbit), and results are summarized in
Table 2 and Fig. 5. There were no differences in LER between
any of the dose groups, and thus pooled LER was calculated to
be 23.69 � 1.73 μm/d.

Right tibias: in vivo (day 15) versus ex vivo (day 29) scans

Comparisons between the in vivo (day 15) and ex vivo (day 29)
scans of the right tibias reflected changes within the animals
over time, as well as potential differences due to varied scan
parameters (SR micro-CT versus micro-CT). Measurements of
cortical porosity and geometry are summarized in Table 3
and Fig. 6. Overall, variation between animals was consider-
able, as reflected by the numerous outliers in the box plots
(Fig. 6). The only consistently significant difference observed
across all dose groups was a decline in Ma.Ar at day 29, asso-
ciated with increased C.Th in the low-dose (p = 0.043) and
high-dose (p = 0.043) groups. Ct.Po was increased at day
29 for the medium-dose (p = 0.043) and high-dose groups
(p = 0.043) and the latter also had elevated Ca.Dm
(p= 0.043). The distribution of Ca.Dm values by % of pore vol-
ume averaged within scans and limbs is included in Fig. 7. The
bimodal distributions revealed a large percentage of the pore
volume was composed of smaller and fragmented canals with
many at the detection limits of the resolution (particularly for
the in vivo scans) and, conversely, a peak in canal diameters
around 80 to 120 μm created by the BMU-related remodeling
spaces.

Right versus left tibias: ex vivo (day 29) scans

Comparisons between the ex vivo (day 29) scans reflected
potential differences between the limbs of the same animals
due to the in vivo radiation dose previously imparted to the right
tibia 2 weeks prior before the left contralateral limb. Measure-
ments of the 3D and 2D parameters are summarized in Table 4
and Fig. 6. Again, a great deal of variation was observed, with
many outliers apparent in the box plots (Fig. 6) and few, if any,
clear patterns emerged. The only difference observed was lower
Ca.Dm (p = 0.043) in the in vivo scanned right tibias of the high-
dose group. The distributions of Ca.Dm for the right and left
ex vivo scans were more similar to each other than to the
in vivo scans, reflecting the matched time point and scan
parameters.

Dynamic histomorphometry

Analysis of the calcein-labeled ground sections, presented in
Table 5 and Fig. 7, compared the right previously in vivo imaged
tibias versus the contralateral left to assess potential impacts of
the radiation dose. The right tibias had lower rates of remodeling
as reflected by reduced Ac.f (p = 0.004), a.Rm.Cr/Ct.Ar
(p = 0.006), and dL.On/Ct.Ar (p = 0.001); however, this outcome
must be considered cautiously as all these measures are related
to double-labeled osteons (dL.On), which indicates there were
already differences between the sides at the time of the in vivo
imaging as label 1 was introduced the same day (day 15). Nota-
bly, other parameters related to bone formation, On.MAR
(p = 0.727), and resorption, Rs.N/Ct.Ar (p = 0.171), did not differ
between sides.

Animal weight

A two-tailed, paired t test analysis of day 0 and day 25 revealed
weight loss overall (p = 0.019), although a nonparametric

Table 2. Direct Calculation of Basic Multicellular Units (BMU) Longitudinal Erosion Rate (LER) for Varied Radiation Dose (1, 2.5 and 5 Gy)
Pooled Low dose (1 Gy) Medium dose (2.5 Gy) High dose (5 Gy)

Parameter ANOVA p Mean � SD Mean � SD Mean � SD Mean � SD

LER (μm/d) 730 23.69 � 1.73 24.20 � 1.65 23.15 � 2.05 23.75 � 1.83

Assessment of BMU LER across dose groups (low dose, medium dose, and high dose) and pooled for all 12 rabbits. LER is reported as mean � standard
deviation. One-way ANOVA was employed to compare the dose groups (α = 0.05).

Fig. 5. Direct assessment of basic multicellular unit (BMU) longitudinal erosion rate (LER) across dose groups. Individual LERmeasurements pooled across
animals and groups (n= 186) were normally distributed (left) and mean LER data by group (right) are presented by box plots with the mean values from
individual rabbits plotted as solid circles (n = 4 rabbits/group). One-way ANOVA revealed no differences between radiation dose groups (α = 0.05).
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Friedman test observed no difference in weight among the three
dose groups (p = 0.270) at day 25.

Discussion

Our primary goal was to establish a novel method to directly
measure BMU LER in 4D within the cortical bone of rabbits using
phase contrast SR micro-CT. The successful 4D co-registration of
the in vivo SR micro-CT and ex vivo micro-CT scans revealed
BMUs advanced an average of 23.69 μm/d or 332 μm over the
14 days between the two scans. We found considerable variance
in LER across the individual BMUs (depicted in Fig. 5), and the
underlying cause of this variation is unclear. An important caveat
is that our approach almost certainly captured BMUs at different
points in their life cycles with some just beginning to advance,
some operating in a stable fashion, and some coming to an
end. Indeed, examination of the registered data sets revealed
new BMUs arising between scans and some resolving. As dis-
cussed, comparative data are limited and consist of inferred
values (Table 1), with previously reported mean LER of
�40 μm/d coming from two studies that histologically assessed
52(28) and 58(30) BMU closing cones from three and five assu-
mingly healthy, adult male dogs, respectively. Less cited are
the results of 36.7 μm/d in monkeys(6) and 27.0 μm/d in humans
(extrapolated from published and unpublished data(6)). Albeit
speculative, our smaller mean LER could be due to differences
between species, the type of bone analyzed, age
differences,(28) or within-species microarchitectural cortical bone
variation. Nevertheless, the proposed method here is the first
approach for standardized tracking of BMUs in 4D in the same
animals.

We also cannot rule out the potential impacts of supraphysio-
logical PTH dosing in our rabbit model. Across the dose groups,
mean Ct.Po from the right and left micro-CT scans ranged from
2.93% to 6.94%, which aligns with recent reports of varied Ct.
Po among PTH-treated rabbits.(49,55,58) Visually, micro-CT cross
sections revealed minor to moderate endosteal bone formation
throughout the majority of the three dose groups (Fig. 4E–G;
Supplemental Fig. S3), with a few instances of extensive endos-
teal formation observed within rabbits from both the high
(n = 1) and medium (n = 2) radiation dose groups. This likely
explained the higher, albeit nonsignificant (p = 0.212), Ct.Po
values (6.93%, right and 6.94%, left) observed within the
medium-dose group in comparison to those of the low-dose
(2.93%, right and 3.04%, left) and high-dose (3.29%, right and
4.30%, left) groups. In rabbits, treatment with intermittent PTH
has been associated with increased endosteal bone forma-
tion(49,55-57,62) that appears to mimic the anabolic bone effects
observed in human skeletons when PTH is administered thera-
peutically. When observed, endosteal bone formation was pre-
sent in both the in vivo imaged right and contralateral left
control tibias, indicating that inter-animal variation in response
to PTH dosing—a finding consistent with our previous
study(49)—and not radiation exposure is the root cause. The find-
ing of proliferative endosteal bone is consistent with typical
“early-stage” PTH-mediated bone modeling behavior, referred
to as the “PTH anabolic window”(63) in which bone formation is
most prominent,(64) followed by later stages of increased bone
remodeling–induced bone resorption.(63)

The secondary objective of this study was to identify potential
radiation dose impacts through the assessment of LER, cortical
porosity parameters, cross-sectional cortical geometricTa
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parameters, and dynamic histomorphometric measures across
the three radiation doses. Increased radiation dose equates to
improved image quality (ie, better signal/contrast-to-noise
ratio—see Supplemental Fig. S4; Fig. 4A–C), which we observed
in our scans. Indeed, the noisy appearance of the low-dose group
images carried through to the 3D segmentations, making them
the most difficult to place cutting cone landmarks. Thus, while
there was no difference in the precision of the registrations
across the dose groups (Supplemental Table S1), for future appli-
cations of this approach, we plan to use the medium dose
because it provided superior image quality relative to the low
dose (Supplemental Fig. S4) and will be suitable for multiple
adjacent in vivo scans with a slight region of overlap where the
dose would be approximately 5 Gy. Ultimately, LER did not differ
across radiation dose groups. Further, the lack of differences
among the bone parameters between the in vivo imaged right
and contralateral left tibias (other than Ca.Dm for the high-dose
group; p = 0.043) is suggestive that, overall, the parameters of
the imaging protocol employed for this study did not have an
overt effect on the cortical bone in these rabbits within the time-
scale of the study—particularly for the low and medium doses.
This conclusion is further supported by the fact that weight loss,
consistent with this model system,(49) did not differ by dose
group and other indications of distress such as changes to
behavior, appetite, and water intake were not observed in any
group. Some outcomes of the histomorphometric analysis
superficially appear to suggest an impact of radiation dose
between the limbs, with the in vivo imaged right tibia having
lower remodeling rate (Ac.f, p = 0.004; a.Rm.Cr/Ct.Ar,
p = 0.006), but this is the product of a difference in double-
labeled osteons (dL.On/Ct.Ar, p < 0.001), which represent BMUs
that were already active on day 15 and thus were already present
within the bone at the time of in vivo imaging. This key point,
combined with the fact that rate of closure of the BMU closing

cones (On.MAR, p= 0.727) and the number of resorption cavities
(Rs.N/Ct.Ar, p = 0.171; representing the initial phase of remodel-
ing) did not differ between the limbs suggests radiation dose is
not the cause of the differences between the sides. This finding
is also consistent with a recent review(65) that reported radiation
dose effects initially increase osteoclast activity and gradually
decrease osteoblast activity in the weeks after exposure in ani-
mal models. Further research is needed to determine if rabbits
consistently exhibit side differences in remodeling rate. Notably,
the contralateral left limbs had remodeling rates very similar to
those in our previous ex vivo study.(49)

Radiation effects in bone tissue have been reported as both a
factor of dose and time, with previous studies reporting variable
responses in rabbit bones exposed to a single dose (therapeutic
X-ray) of 25, 50, and 100 Gy over a 4- 52-week observation
period.(66) Exposure to a single dose of 35 Gy has been shown
to increase porosity and decrease cortical area in the femora of
rats at 14 and 18 weeks post-dosing.(67) Similarly, suppressed
bone formation (4 weeks) and increased porosity (12 weeks)
have also been reported in rabbits after a single exposure to
50 Gy.(68) Interestingly, timed analysis of rabbit tibias (7, 14,
21 days) post-exposure to a single dose of 30 Gy showed that
the majority of impacted cortical parameters, including porosity,
recovered to non-irradiated levels 14 and 21 days post-exposure,
suggestive of a potential correlation between bone turnover
recovery and time post-exposure.(69) Although the rabbits in
our study had the added variable of PTH treatment, their cortices
were subjected to non-therapeutic radiation doses and assessed
after a shorter period (14 days) post in vivo imaging, which may
explain whywe found little evidence of significant radiation dose
effects. Notably, in this study, we only reported the incident
dose; however, since the synchrotron beam utilized here was
monoenergetic, the absorbed dose in the bone tissue here is less
than the case of polychromatic X-ray beam from X-ray tube

Fig. 6. Comparison of parameters among the in vivo (synchrotron radiation [SR] micro-CT—day 15) and ex vivo (micro-CT—day 29) scans of the right and
contralateral left tibias for different radiation dose groups (low dose [1 Gy]; mediumdose [2.5 Gy]; high dose [5 Gy]). Data are presented by box plots (right
in vivo [light gray]; right ex vivo [white]; left ex vivo [dark gray]) with the mean (or median for nonparametric tests) for each individual rabbit plotted as
solid circles and outliers plotted as open circles. n = 5. Repeated measures ANOVA (**p < 0.05) comparing tibia scans across the radiation dose groups
was employed for normal data. Wilcoxon signed-rank test comparing tibia scansmanually categorized by radiation dose group (*p < 0.05) was employed
for non-normal data. Significance level was α = 0.05. 3D measures (top row): Ct.Po = Cortical Porosity, Ca.Dm = Canal Diameter, and Ct.Th = Cortical
Thickness. 2D measures (bottom row) Tt.ar = Total Area, Ct.Ar = Cortical Area, and Ma.Ar = Marrow Area.
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sources. Future studies where bone tissues analyzed from rabbits
euthanized several weeks to months post in vivo SR micro-CT
scanning would provide further support for the findings of this
study since radiation damage has been observed in the cortical
bone of animals subjected to radiation several weeks to months
post-exposure.(66,67)

A limitation of our experimental protocol is the lack of a non-
PTH control group. In a previous study, we found that PTH
increased remodeling rate (Ac.f) 14.2-fold versus SHAM rab-
bits(49); therefore, with our 12.4 BMUs/rabbit, a matched control
group (n = 5) may only have provided 0.9 BMUs/rabbit or 4 to
5 BMUs in total. A low, but highly variable, rate of baseline remo-
deling in normal rabbits was also confirmed in preliminary
(unpublished) trials of our imaging protocol where one normal
rabbit looked similar compared with our PTH-dosed animals
and all others had little apparent remodeling. As our objective
here was to introduce a novel approach for measuring LER, and
not to test a biological hypothesis, we chose to not include a con-
trol group because of concerns focused on the ethical use of ani-
mals and cost. Also, while the intended use of PTH to increase the
number of active BMUs for LER measures was achieved (eg, Ac.f

for the sham OVH control group of our previous study was 4.04
BMUs/mm2/yr(49) versus our values ranging from �30 to 90
BMUs/mm2/yr; see Table 5), the efficiency at which this was done
resulted in: (i) co-registration issues, with one rabbit per group
excluded for analysis and (ii) challenges locating classically
shaped BMUs as PTH induced extensive and irregular remodel-
ing (eg, Fig. 4E). Future application of the methodology could
mitigate these limitations by potentially lowering the dose of
PTH and/or increasing the size of FOV (eg, the adjacent scans dis-
cussed above) and thereby increasing the ability to locate suit-
able BMUs for analysis in PTH-dosed animals as well as other
models (eg, OVH) and even control animals.(49)

A limitation of our protocol was the use of different imaging
platforms (SR micro-CT versus micro-CT) for the two scans of
each animal; however, doing so meant that we did not require
additional (inherently limited) synchrotron beamtime for the
second scan. Although it would increase the complexity of the
experiment, including additional synchrotron beamtime, multi-
ple in vivo assessments could certainly be entertained for future
studies. Such an approach would be particularly powerful for
looking at dynamic modulation of individual BMU activity over

Fig. 7. Histomorphometric analyses of transverse cortical bone sections comparing the previously in vivo imaged right (white) and contralateral left (gray)
tibias. Data are presented as box plots with the mean (or median for nonparametric tests) for each individual rabbit plotted as solid circles and outliers
plotted as open circles. n = 7 except for On.MAR and Ac.f measures, where dL.On were not detectable in one rabbit from each radiation dose group
(low dose, 1 Gy [n = 4]; medium dose, 2.5 Gy [n = 4]; high dose, 5 Gy [n = 4]). Repeated measures ANOVA (**p < 0.05) comparing left and right tibias
across the radiation dose groups was employed for normal data. Wilcoxon signed-rank test comparing the right and left tibias manually categorized
by radiation dose group (*p < 0.05) was employed for non-normal data. Significance level was α = 0.05. For canal diameter (Ca.Dm), the plots reveal
bimodal distributions of Ca.Dm sizes for all three groupings. The left peaks in the distributions reveal a large percentage of the porous canals at or near
the resolution of the scans. The right peaks around 80 to 100 (ex vivo) and 120 (in vivo) μm represent the diameters of basic multicellular unit (BMU)-
related remodeling spaces. sL.On = Single-Labeled Osteon; dL.On = Double-Labeled Osteon; Rs.N = Resorption Cavities; a.Rm.Cr = Active Remodeling
Centers; Ct.Ar = Cortical Area; W.Th = Wall Thickness; On.MAR = Osteonal Mineral Apposition Rate; Ac.f = Activation Frequency.
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time. Synchrotron imaging can also be limiting regarding the
amount/type of skeletal element that can be imaged—method-
ologically, it is more feasible to image distal limbs at an effective
dose compared with the vertebrae, for example. This is not
dissimilar to human in vivo imaging platforms such as high-
resolution peripheral quantitative computed tomography (HR-
pQCT), which is restricted to the metaphyseal regions of the
radius and tibia.(70)

Finally, the rabbit model of cortical remodeling-related spa-
tiotemporal behavior exhibited high levels of variation, particu-
larly for Ct.Po and several of the histomorphometric measures.
Such variation was manifested as outliers within the data; how-
ever, a comparison of the 3D parameters in which the outliers
were removed did not alter the results and therefore all data
were retained for analysis. Despite these limitations, when com-
pared with small laboratory rodent models (eg, mice and rats),
which do not naturally exhibit cortical bone remodeling,(51) the
rabbit does display cortical remodeling similar to that observed
in humans(52-54) and thus offers an excellent option for the study
of cortical remodeling in vivo.

Data obtained from the direct, 4D measurement of LER
could provide the ability to assess the morphology or shape
of the BMU to investigate characteristics of the closing cone
or the scale of the reversal-resorption zone,(7,11) which could
have significant clinical relevance in humans. Osteoporosis
treatments typically involve antiresorptive (inhibiting bone
resorption activity, eg, bisphosphonates(71)) or anabolic
(stimulating bone formation, eg, PTH(64)) therapies. That said,
rare but substantial adverse side effects such as osteonecrosis
of the jaw(72) or atypical femoral fracture(73) have been asso-
ciated with antiresorptive therapies. In contrast, complicated
drug delivery schedules associated with PTH (ie, intermittent
versus continuous administration) can result in undesirable
catabolic instead of expected anabolic effects. The methodol-
ogy presented here provides a novel platform to better inves-
tigate BMU spatiotemporal modulation by OP drugs directly
in a preclinical model for the first time. Thus, a unique oppor-
tunity exists to potentially reduce unwanted side effects via
more gauged dosing regimens. If BMUs can be reduced in
size, slowed in their progression, spatially constrained to
avoid coalescence into larger pores, and closely coupled with
balanced resorption and formation, bone strength can be
more safely preserved or even increased—reducing the over-
all burden of OP. There is also potential application to inves-
tigate hypotheses regarding BMU spatiotemporal behavior
in general. For example, BMUs are thought to actively target
and steer remodeling toward areas of microdamage in the
form of microcracks(1,74-76) and/or other mechanical stimuli
such as strain,(77,78) strain-derived fluid flow,(79-81) and
loading-induced hydrostatic pressure.(82) The approach dem-
onstrated here thus holds great potential to also test these
hypothesized relations for the first time empirically.

This study represents the first direct assessment of LER in 4D.
We found LER values in rabbits to be lower than those previously
reported (and often cited) for dogs but not inconsistent with lim-
ited inferred values for humans. Further, our results indicated
that the imaging protocol employed did not have an overt
impact on the cortical bone parameters of rabbits during the
study time frame. The method developed within this study
serves as a novel platform to further advance our fundamental
understanding of BMU spatiotemporal regulation and its role
in bone aging, adaptation, and disease.
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