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ABSTRACT

Micro—computed tomography (uCT) has become essential for analysis of mineralized as well as nonmineralized tissues and is there-
fore widely applicable in the life sciences. However, lack of standardized approaches and protocols for scanning, analyzing, and
reporting data often makes it difficult to understand exactly how analyses were performed, how to interpret results, and if findings
can be broadly compared with other models and studies. This problem is compounded in analysis of the dentoalveolar complex by
the presence of four distinct mineralized tissues: enamel, dentin, cementum, and alveolar bone. Furthermore, these hard tissues inter-
face with adjacent soft tissues, the dental pulp and periodontal ligament (PDL), making for a complex organ. Drawing on others’ and
our own experience analyzing rodent dentoalveolar tissues by pCT, we introduce techniques to successfully analyze dentoalveolar
tissues with similar or disparate compositions, densities, and morphological characteristics. Our goal is to provide practical guidelines
for pCT analysis of rodent dentoalveolar tissues, including approaches to optimize scan parameters (filters, voltage, voxel size, and
integration time), reproducibly orient samples, define regions and volumes of interest, sesgment and subdivide tissues, interpret find-
ings, and report methods and results. We include illustrative examples of analyses performed on genetically engineered mouse
models with phenotypes in enamel, dentin, cementum, and alveolar bone. The recommendations are designed to increase transpar-
ency and reproducibility, promote best practices, and provide a basic framework to apply pCT analysis to the dentoalveolar complex
that can also be extrapolated to a variety of other tissues of the body. © 2021 The Authors. JBMR Plus published by Wiley Periodicals
LLC. on behalf of American Society for Bone and Mineral Research.
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Introduction

icro—computed tomography (uCT) analysis has evolved
M into the gold standard for evaluating mineralized tissue
microarchitecture in rodent research models, complementing
and in some respects surpassing the capabilities of traditional
histomorphometry by vyielding data on two-dimensional
(2D) and three-dimensional (3D) morphology, volume, and min-
eral density of skeletal elements.""® The nondestructive
approach, relatively short turnaround time, high throughput,
and volumetric analyses are particularly appealing for those
researchers analyzing bone cortical and trabecular architecture.
In the early years of pCT analysis in skeletal research, lack of con-
sistent methods and reporting made it difficult to critique analyt-
ical approaches, interpret some findings, and compare results
across multiple studies. A timely publication in 2010 articulated

specific and practical guidelines to standardize scanning param-
eters, analysis approaches, and reporting nomenclature for long
bone (ie, typically femur or tibia) pCT analysis." That work has
become a resource for those learning skeletal pCT analysis, plan-
ning pCT-based studies, and citing standard methods.

As pCT use has expanded, analyses have grown to encompass
complex structures featuring mineralized and nonmineralized
tissues. An example is the dentoalveolar complex, which is
unique and challenging to analyze because it features four dis-
tinct, sometimes contiguous, mineralized tissues: enamel, den-
tin, cementum, and alveolar bone. These hard tissues interface
with adjacent soft tissues, the dental pulp and periodontal liga-
ment (PDL), adding further complications. Some publications
have focused on applications of pCT in the craniofacial region
or oral cavity®*~"*); though, to our knowledge only one publica-
tion has addressed more specific protocols for application in
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odontogenesis studies."® However, despite current advances,
the lack of standardized approaches for scanning, analyzing,
and reporting data makes it difficult to understand how analyses
were performed in many projects, how results should be inter-
preted, and if findings can be broadly compared to other models
and studies, as well as making entry into pCT analyses challeng-
ing for researchers who are novices in the approach. We review
considerations associated with analyzing the dentoalveolar com-
plex, which is composed of tissues with similar and disparate
compositions, densities, and morphological characteristics. To
address these challenging complexities, we introduce innovative
techniques that can also be extrapolated to other areas of
the body.

Our goal in this report is to provide detailed and practical
guidelines for pCT analysis of the dentoalveolar complex in order
to increase transparency and reproducibility, promote best prac-
tices, and provide a basic framework for researchers who may
benefit from such considerations. Using illustrative examples,
we include a discussion of how to optimize scan parameters,
reproducibly reorient samples, define regions and volumes of
interest, segment and subdivide dentoalveolar tissues, interpret
findings, and report methods and results. We focus on Mus mus-
culus because of the many preclinical advantages, including ease
in testing of therapeutic agents, reduced experimental time, flex-
ibility in genetic manipulation, availability of established chal-
lenge and wound healing models, and accessibility of
molecular reagents targeting murine models. Furthermore, the
RCT concepts presented here can be broadly applied to large
animal models and human cone beam computed tomography
(CBCT) imaging.*"7~2® We rely on previous publications’'%1®
to supply detailed technical explanations of concepts in order
to focus on recommendations tailored to special complexities
and challenges featured in dentoalveolar tissues.

Overview of the Dentoalveolar Complex

In this report, we focus on analysis of the mouse dentoalveolar
complex, which includes the teeth and their supporting peri-
odontal structures. We focus on the rodent mandibular first
molar, the most commonly analyzed tooth and a reasonable
model for human tooth development.?*2® Mice have a dental
pattern of 1 | 3 in each quadrant, representing one (continuously
erupting) incisor, a large diastema (toothless region), and three
molars (Fig. TA). As in human teeth, the mouse molar is divided
into the crown, that portion visible above the gingiva, and roots
that extend into the sockets formed by the maxilla or mandible.
Four mineralized tissues are found in the dentoalveolar complex:
enamel, dentin, cementum, and alveolar bone (Fig. 1B). Other
anatomical locations in the mouse craniofacial complex are ame-
nable to pCT analysis, but will not be featured in this report,
including the continually erupting incisors, condyle and tempo-
romandibular joint, basal bone not directly associated with the
dentition, and the remainder of the cranium.

Enamel

Enamel is the hardest and the most highly mineralized substance
in the body, composed of >95% mineral by weight.®?"~2
Enamel comprises the outermost layer of the tooth crown. Dur-
ing amelogenesis, the initial organic matrix deposited by amelo-
blasts achieves its full thickness and hydroxyapatite ribbons
thicken and replace protein content.?” In its final mineralized
state, ameloblasts are no longer present. Unlike humans, in

which the enamel covers the entire crown, in rodents, enamel
only covers part of the molar crown. Clearly visible on dental
radiographs due to its radiopacity associated with its extremely
high mineral content (Fig. 1C,D), the borders of fully mature
enamel are also easily identifiable on pCT scans.

Dentin

Dentin forms the bulk of the tooth crown and root, lies under the
enamel, and surrounds the pulp chamber.®® Dentin is com-
posed of a network of radiating tubules created by odontoblasts
that lie at the dentin-pulp border. Dentin is approximately 70%
mineral by weight, however mineral content changes with loca-
tion within dentin, age, maturation, and disease processes.°-3?
Dentin is easily differentiated from enamel by radiograph due to
relatively lower mineral content (Fig. 1C,D). Dentin encloses the
pulp chamber that includes unmineralized collagen matrix, cells,
blood vessels, and nerves.

Cementum

Cementum envelopes the root dentin and is essential for anchor-
ing PDL collagen fibers to the tooth, providing attachment and
mechanical stability.®*=>> Cementum is found primarily in two
forms: acellular cementum covers the cervical portions of roots,
and cellular cementum is localized to apical portions of roots
and includes osteocyte-like cementocytes. Cementum is approx-
imately 45% to 50% mineral by weight, slightly less mineralized
than dentin. Their adjacent position and similar mineral content
make dentin and cementum difficult to differentiate in radio-
graphs (Fig. 1C,D). On the exterior, cementum is surrounded by
unmineralized PDL, and therefore the cementum-PDL border is
easily defined.

Alveolar bone

The tooth-associated bone that forms the sockets is referred to
as alveolar bone, distinct from underlying basal bone of the max-
illa or mandible (Fig. 1C,D).%® Like cementum on the root sur-
face, PDL fibers insert into the bundle bone layer as Sharpey's
fibers. Bone mineral density can vary widely by site, age, matura-
tion, and other factors; however, on average, bone is estimated
to be 50% to 60% mineral by weight.%®3” As bone is separated
from dental tissues by the unmineralized PDL, it is easily distin-
guished from the other three hard tissues. The cementum-PDL-
alveolar bone (along with gingiva) forms the periodontal com-
plex that attaches and supports the tooth.®®

Image Acquisition of Dentoalveolar Tissues

Because the dentoalveolar complex features four distinct miner-
alized tissues with different compositions, it is imperative to opti-
mize puCT scanning parameters for assessment of tissue-specific
effects resulting from modulation of genes, proteins, environ-
ment, trauma, aging, etc. Optimal parameters to visualize one tis-
sue may not work well for others because of differences in
mineral densities. Numerous reviews have described in detail
the concepts underlying pCT scanning!!>614182239-42). there-
fore, we will introduce these only briefly in order to focus on spe-
cific challenges related to scanning the dentoalveolar complex.
There are several approaches for sample preparation; however,
for results shown here we used a standard method employing
formalin-fixed tissues scanned under aqueous conditions in
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Fig 1. Murine dentoalveolar anatomy. (A) 3D pCT reconstruction of murine skull highlighting key landmarks including mandibular molars (M1-M3). (B)
Schematic of mouse molar, incisor, and surrounding structures (coronal plane). (C,D) Radiograph of 90 days postnatal murine mandible highlighting den-
toalveolar structures distinguishable by density and X-ray absorbance: enamel, dentin/cementum, AB, and radiolucent unmineralized tissues including

the PDL and pulp. AB = alveolar bone; PDL = periodontal ligament.

70% ethanol, in order to maintain samples at biologically rele-
vant levels of hydration and avoid cracking of mineralized tis-
sues. There are a variety of uCT scanners available for purchase
or use in core facilities. All results included here are obtained
from a Scanco pCT 50 ex vivo cabinet system (Scanco Medical,
Brittisellen, Switzerland). Each scanner model will feature differ-
ent capabilities and limitations (eg, resolution, filters, space dic-
tating size of analyzed samples, density capacities, and fields of
view), and therefore will require its own optimization for

dentoalveolar tissues. However, the optimization steps outlined
below can be adapted to all scanners based on our detailed eval-
uation criteria of scan results shown in Fig. 2. There are numerous
options for analysis software, including proprietary applications
sold with scanners.(1®18404243) Thage also have their own capa-
bilities and limitations that dictate to some degree the ease
and efficiency of analysis. All analyses and images included in
this report were accomplished using Scanco proprietary soft-
ware for scan reconstructions (default settings) and AnalyzePro
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Fig 2. Optimization of uCT scan parameters for dentoalveolar structures. All panels depict the same 6-week-old mouse mandible that has been scanned
and calibrated. Each optimization scan includes a grayscale image, a heat map of densities, and a density histogram reporting the number of voxels
detected in the scan. Inserts in histogram panels show a higher magnification of densities corresponding to enamel-like densities. Color scale for heat
maps and histograms is at bottom of figure. (A) To test the effects of prismatic filters, scans were performed with no filter, 0.5-mm Al filter, or 0.1-mm
Cu filter. (B) To test effects of voltage, scans were performed with 55, 70, or 90 kVp. (C) To test the effects of resolution, scans were performed at voxel
size of 20, 10, or 6 um. (D) To test the effects of integration time, scans were performed at 300, 600, or 900 ms. Discussion of scanning results and opti-

mization of parameters are described in the text.

1.0 medical imaging software (Analyze Direct, Overland Park, KS),
a software system used in our studies.>>*4*9

CT images are created using X-rays directed and rotated around
a sample (or a sample rotating in relation to the X-ray source), cre-
ating a series of projections. X-rays are a form of electromagnetic

radiation with high photon energy, and image generation relies
on the partial transmission of X-rays; ie, differential absorption of
X-rays by tissues. Based on previous reports, common scanning
parameters optimized for image acquisition are: inclusion of a filter,
voltage, voxel size, and integration time, all of which alter the
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Table 1. Selection of uCT Scan Parameters

None
= Cu (0.1 mm) 70
Al (0.5 mm) — 10
70 300
90
6
Al (0.5 mm) 10
20
70
300
6 600
900

0.5 mm

W -

« Best distribution of
histogram across detector

« Better representation of
lower end densities
compared to 90 kVp

 Low noise

« Broad distribution of
histogram

« Clear demarcation of
dentin and enamel

Advantages

—

« Clear visualization of

dentinoenamel junction
« Allows for better
segmentation

« Sharpened peaks
corresponding to various

tissue densities
« Allows for better
segmentation

Variables including filter, voltage, voxel size, and integration time were optimized for murine dentoalveolar tissues.

absorption of X-rays by a sample.("#7616.182240-425051) |y order to

compare images acquired from different scanning parameters, we
scanned the same 6-week-old mouse mandible, systematically
varying filter, voltage, voxel size, and integration time (Fig. 2,
Table 1). Scans were calibrated against a set of five hydroxyapatite
(HA) phantoms of known density (0, 100, 200, 400, and 800 mg
HA/cm3) scanned with the same parameters. This density calibra-
tion using calibration phantoms is routine and essential for quanti-
tative pCT, mimicking the attenuation of different tissue types and
densities, and providing a standard curve to calculate absolute or
relative density units for samples, allowing cross-study comparisons
and helping detect and control for potential changes in the scanner
X-ray source over time. Calibration phantoms are often composed
of resin-embedded HA. Although the puCT scanner measures only
X-ray attenuation and does not identify HA per se, HA is the major
mineral component in bones and teeth. Thus, the assumption is
made that attenuation from vertebrate skeletal and dental mate-
rials will match that of HA phantoms in linear fashion (in some situ-
ations, the nature of the mineral may need to be confirmed by
additional techniques such as spectroscopy or electron micros-
copy). Importantly, calibration curves have been validated even
for highly mineralized enamel.®*>*® The limitations of density cal-
ibration phantomes, their correlation to tissue mineral content, and
other factors have been tested and discussed in detail elsewhere,
and these sources can be consulted for more detailed information
on the subject."*#°45% Geometric calibration of the uCT scanner
is also critical for proper reconstruction of 2D sample data, reduc-
tion of scan artifacts, and optimization of resolution. Scanners typi-
cally have a geometric calibration protocol that should be operated

on a regular schedule, and additional references can be consulted
for more information on this topic.%*'%?

Here we illustrate the effects of changing scanning parame-
ters in optimization scans of mouse mandibles by showing X-
ray absorption as a grayscale image, a density heat map, and a
voxel frequency distribution in mg HA/cm?®. Each reconstructed
grayscale image is composed of millions of voxels, which vary
depending on scan parameters. Heat maps were generated to
demonstrate density distributions, with 500 mg HA/cm? corre-
sponding to red and 1600 mg HA/cm?® to lilac (Fig. 2). When
counts assigned to each value (in mg HA/cm?) are plotted on a
frequency graph, an overwhelming number of voxels are consid-
ered background noise. Each frequency graph depicts two main
peaks: the taller peak at a lower density range corresponds to
dentin/bone/cementum, and the shorter peak at a higher den-
sity range corresponds to enamel (top right of each graph in
Fig. 2). To optimize scanning parameters, images were evaluated
based on the amount of noise, contrast between mineralized tis-
sues, and clarity of structures.

Filter

Physical filters can be applied during pCT scans, and by concen-
trating the X-ray beam, they act to reduce noise and increase
contrast. Additionally, applying a filter can reduce artifacts
caused by low energy X-rays."18635% The strength of the filter
(ie, composition and thickness) should be considered during
selection; stronger filters are indicated for denser samples; eg,
mineralized tissues. Holding the voltage (70 kVp), voxel size
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(10 pm), and integration time (300 ms) constant, we compared
no filter to a 0.1-mm copper (Cu) filter or 0.5-mm aluminum
(Al) filter (Fig. 2A, Table 1). The scan with no filter appeared rela-
tively crisp in grayscale; however, the heat map revealed numer-
ous red and orange (low density) voxels and very poor
separation of crown dentin and enamel. This is shown in the his-
togram as an expanded single peak where the enamel peak has
been absorbed into the dentin/bone/cementum peak that
skewed right (Fig. 2A, red *). There are also numerous artifacts
of very high-density voxels well above biologic density values.

The scan with the Cu filter did not show any improvement in
dentin and enamel separation and distribution of voxel densities,
which was exacerbated by an unacceptable amount of noise in
the grayscale and heat map images. The heat map and flattening
of peaks in the histogram indicated that the noise holds density
values similar to those of dentoalveolar tissues, preventing digi-
tal filtering of noise from enamel, dentin, and cementum and
rendering the scan unusable for analysis.

The scan using the 0.5-mm Al filter yielded clearer images
without excess noise, better distribution of voxel densities in
the heat map, and better demarcation between enamel and
dentin. The more compressed dentin/bone/cementum peak
was better separated from the enamel peak (Fig. 2A, blue
arrows). Because of these advantages, subsequent scans were
performed with the 0.5-mm Al filter.

Voltage

Voltage corresponds to the energy of the photons passing
through a sample and is expressed in kiloelectron volts (kEV).
In pCT scanning, the X-ray tube potential is specified by the
user. Expressed in kVp, the X-ray tube potential corresponds
to the applied peak electron potential of the X-ray tube that
accelerates electrons for generating X-ray photons.” Gener-
ally, lower voltages provide better contrast between tissues,
particularly for tissues with lower densities.¢182240-42) gy
ever, voltages that are too low result in decreased transmission
of X-rays through the sample that reach the detector. In con-
trast, voltages that are too high lead to increased transmission
of X-rays through the sample that reach the detector, which
can result in increased scatter and reduced resolution of less
dense materials (i.e. decreased signal to noise ratio). For den-
toalveolar tissues, the voltage would optimally be high enough
to pass through enamel and minimize noise but low enough to
generate contrast between tissues with similar densities; eg,
cementum and dentin. Holding the filter (0.5-mm Al), voxel
size (10 pm), and integration time (300 ms) constant, we com-
pared scan voltages of 55, 70, and 90 kVp (Fig. 2B, Table 1).
Changing kVp resulted in altered brightness and contrast in
grayscale images and shifts in density values in the heat maps.
The scan acquired with 55 kVp was not ideal for dentoalveolar
tissues. The photon energy was too low and unable to pene-
trate high density tissues, leading to lower numbers of photons
reaching the detector and a truncated histogram around
2000 mg HA/cm? (Fig. 2B, pink *). With increasing voltage at
70 or 90 kVp, the dentin/cementum/bone peak narrowed,
and the enamel peak emerged. Thus, 70 and 90 kVp scans both
showed acceptable image contrast and enamel separation. A
voltage of 70 kVp was used in subsequent scans due to accept-
able enamel separation and better separation potential and
detection of the lower end of density for dentin/cemen-
tum/bone.

Voxel size

Voxel size is the size of a 3D pixel in the reconstructed image fol-
lowing pCT scanning. Smaller voxel sizes correspond to higher res-
olution scans. Smaller voxel sizes allow for the visualization of a
greater number of structures in more detail and accuracy, particu-
larly small features. However, in practical terms, smaller voxel sizes
require increased time per scan and produce increased file sizes.
Bouxsein and colleagues!” recommended that the minimum ratio
of voxels to objects of interest should be 2 (eg, a minimum of two
voxels per bone trabecula, thickness of cementum, or other fea-
ture), with higher ratios resulting in more accurate
measurements.("16185065-67) Holding the filter (0.5-mm Al), scan
voltage (70 kVp), and integration time (300 ms) constant, we com-
pared voxel sizes of 20, 10, and 6 pm (Fig. 2C, Table 1).

The grayscale image revealed that a 20-pm voxel size was wholly
inadequate for the mouse dentoalveolar complex, with substantial
blurring and noise in the soft tissues of the pulp and PDL. The cor-
responding heat map depicted dentin as nearly homogenous in
density, and the y axis of the frequency distributions showed that
voxel size dramatically influenced the counts per density. Borders
of enamel and dentin, tissues with significantly different densities,
were poorly resolved in grayscale, heat maps, and on the histogram.
In contrast, higher resolution (lower voxel size) resulted in a clearer
dentinoenamel junction, enhanced contrast of structures (eg, we
could begin to resolve cellular cementum from dentin), and visual-
ization of much greater detail in bone structures. Smaller voxel sizes
also resulted in higher counts and sharper dentin/cementum/bone
and enamel peaks, more amenable for segmentation of the tissues
from one another for analysis.

In the scanner we used (Scanco pCT 50), the voxel size is
restricted by the sizes of the sample holders, enclosed tubes in
which samples are loaded and can remain hydrated during scan-
ning. Other scanners use alternative methods for sample stabiliza-
tion during scanning.®” In Scanco scanners, smaller sample
holders that reduce the distance between the X-ray source, sam-
ple, and X-ray detector, are capable of higher resolutions. To
reduce scan time and file sizes, we optimized scans based on a
19.0-mm (diameter) sample holder. This was the smallest sample
holder that allowed for mandibles to be loaded where molar
occlusal plane was perpendicular to sample holder length (ie,
mandibles were laid on their sides and stacked in a column with
each separated from the next by a foam spacer, efficiently allow-
ing multiple mandibles to be scanned per sample holder). A smal-
ler sample holder would require mouse mandibles to be loaded in
a different orientation (increasing scanning time and file size fur-
ther) or trimmed (requiring additional preparation with the possi-
bility of damaging target tissues). According to the manufacturer’s
recommended settings, the smallest voxel size for the 19.0-mm
sample holder was 6 pm, which we have found to be adequate
for dentoalveolar tissues (see below under Examples of Analyses).
Because no substantial advantage for enamel, dentin, and bone
was noted with smaller for the 2-um voxel setting, a voxel size of
6 pm was used in subsequent scans. There is one exception for
segmentation of acellular cementum (described below under
Examples of Analyses: Cementum and PDL) where a 6.0-mm sam-
ple holder was necessary for 2-um voxel scans to accurately sepa-
rate murine acellular cementum from dentin.

Integration time

Integration time refers to the time spent on each projection
(in milliseconds; ms), and along with frame averaging (the
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number of times each projection is repeated), can change the
number of photons directed at the sample.""'®*" Therefore,
increasing integration time increases overall scan time, but does
not increase file size. Holding the filter (0.5-mm Al), scan voltage
(70 kV), and voxel size (6 pm) constant, we compared integration
times of 300, 600, and 900 ms (Fig. 2D, Table 1).

In grayscale images, increasing integration time reduced
noise in pulp and PDL soft tissues, and removed speckling in
mineralized tissues. Although there are only subtle differences
between the three integration times in the grayscale images, in
heat maps and frequency distributions, dentin and cellular
cementum were better differentiated by density when 900 ms
integration time was used. Increased integration time did not
shift locations of peaks in the frequency graphs, but instead
sharpened the dentin/cementum/bone and enamel peaks. We
did not attempt integration times greater than 900 ms for prac-
tical reasons. However, there is room for improvement, although
the detector could potentially become saturated at some point,
with no further benefit to increasing time.

Summary of selection of scan parameters

In the previous sections under Image Acquisition of Dentoalveo-
lar Tissues, we demonstrated the impact of filter, voltage, voxel
size, and integration time on optimization of scan parameters,
landing on 0.5-mm Al filter, 70 kVp, 6 um voxel size, and
900 ms integration time (Fig. 2; Table 1). Filter had the greatest
impact on scans, with Cu filter and no filter resulting in unusable
scans. Next, voltage dramatically altered density distributions
and visualization of mineralized tissue; 70 kVp was determined
to be the best for resolving structures within 500 to 1600 mg
HA/cm?®. For qualitative and quantitative assessments, 6 um is
suitable for separating enamel, bone, dentin, and cellular cemen-
tum (see subsequent sections). Last, we chose an integration
time of 900 ms based on our goal to segment dentin and cellular
cementum. Each one of the aforementioned parameters can
alter quality of scans. At a minimum, the make and model of
scanner, the filter, voltage, voxel size (resolution), and integration
time should be reported in methods sections of manuscripts
employing pCT.

Image Processing

Tissues of the oral cavity present several unique challenges for
RCT analysis in comparison to sites more frequently analyzed,
eg, lumbar vertebrae or long bones, though their successful anal-
ysis shares a few key steps: orientation, region of interest (ROI),
and segmentation.

Orientation

Digital orientation of samples after scanning is the first step
toward reproducible results. This is true for femur and tibia ana-
lyses, where the long axis of the bone is used to realign the sam-
ple prior to selection of trabecular and cortical ROL" The
mandible and maxilla are more complex shapes, and landmarks
must be carefully chosen.'® Though orientation is often not
described in detail, many papers reporting dentoalveolar ana-
lyses use one or more of the molars as the most consistent ana-
tomical landmarks to orient mandibles/maxillae, as can be
deduced from their figures.!':13:2344454868-75) |n cisors or whole
mandible/maxilla approaches are also sometimes used for orien-
tation.®>”27577) Here, we describe the use of the mandibular first

molar (M1) as a guide for orientation. To achieve consistency, ori-
entation in sagittal, frontal/coronal, and transverse/axial planes
should be standardized across samples using anatomical land-
marks. In the sagittal view, the plane generated by the mesial
and distal aspects of the cementoenamel junction (CEJ) was ori-
ented parallel to the transverse plane (Fig. 3A). In the transverse
view, the plane generated by the center of the mesial and distal
root canals of the first molar were oriented parallel to the sagittal
plane. In the coronal view, the plane bisecting the pulp of the
mesial root was oriented parallel to the sagittal plane. Although
orientation is important for consistent imaging of M1, it becomes
even more critical when measuring surrounding tissues like alve-
olar bone (as described in more detail below under Examples of
Analyses: Alveolar Bone). This digital orientation approach
yielded highly reproducible results during training of multiple
users in our laboratories (<0.1% difference in volume measure-
ments using the same mandible scan), validating this approach
(data not shown). Experimental factors may dictate which teeth
serve as landmarks, eg, if a ligature is placed on the second molar
to induce periodontal breakdown, then the second molar may
be a better choice as the central landmark for mandible orienta-
tion. When reporting pCT analysis of the mouse mandible, the
approach to sample orientation should be described in enough
detail and/or images should be included to illustrate the
approach.©”

ROI

After orientation, the ROl is defined based on experimental ques-
tions to be answered. In long bones, there are prescribed ROIs to
analyze trabecular and cortical bone based on anatomical land-
marks (eg, proximal or distal growth plate) and recommended
minimum numbers of slices or pm."*>”® For dentoalveolar anal-
ysis, the tooth is a well-defined and self-contained organ that can
be analyzed in whole, an approach not usually taken for long
bones. Due to limitations in software, computing power, and/or
time, some investigators may opt to analyze more limited ROIls
rather than the entire tooth. For example, rather than segment-
ing the entire dentin of the molar, a cubic, ring, or other shaped
ROI of a certain number of voxels or pm> may be chosen within
dentin and used as a representative sample. Although this
approach may be necessary in some circumstances, it should
be avoided if possible and used with caution as it can bias results
and provide density values that inaccurately represent the bulk
tissue properties; eg, densities of the dentoalveolar tissues vary
by location.”® If this restricted ROl approach is used, locations
must be chosen stringently and consistently across samples to
minimize selection bias. In terms of creating the ROI, more details
on segmenting dental tissues from one another are discussed
below under the Segmentation section.

Orientation and landmarks used to define the ROl must be
anatomically similar across samples to capture potential differ-
ences between experimental and control groups. In our studies,
the ROl was determined using a reoriented M1 and included all
alveolar bone buccal and lingual to the molar and extending
the region 480 um forward from the mesial root and 480 um
backward to the distal root, using the most mesial and distal root
locations, respectively (Fig. 3B). This ROl was selected to include
the alveolar rise mesial to M1 and the interdental bone between
M1 and M2, and this approach has been applied successfully to a
wide range of mouse mandibles aged 2 weeks to over 1 year
0ld.(23444547-49,698081) Tha RO| we describe here would suffice
for many studies of alveolar bone but should be experimentally
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Fig 3. Orientation and ROlIs in the dentoalveolar complex. (A) 3D and 2D representative images demonstrating schematic of sagittal, frontal/coronal, and
transverse/axial planes anatomical planes for consistent orientation of mouse mandible. Red lines indicate intersecting planes for optimal orientation and
consistency. (B) ROl was determined after mandible reorientation by finding the M1 mesial and distal edges (red dotted lines) and expanding the region
480 pm mesial and distal (black dotted lines) to include the alveolar bone in these regions. The shaded area indicates regions excluded from analysis. ROI

= region of interest.

determined for the hypothesis being examined and the specific
needs of the study. In publications, the ROI should be described
in detail, including anatomical landmarks used and precise num-
bers of slices or pm for tissues like alveolar bone.

Segmentation

Following orientation and ROI definition, segmentation is the
next step toward establishing consistency in pCT analyses. Seg-
mentation, or isolation of structures, typically begins with setting
thresholds to separate tissues by mineral density.*%7882 Set-
ting appropriate thresholds is imperative to promote accuracy
and reproducibility, because measurements can be greatly influ-
enced by the choice of threshold values. Thresholds for all target
tissues should be defined in HA/mg, Hounsfield units, grayscale
values, or similar absolute or relative units. Although relative
units (eg, grayscale values) are adequate for comparisons within
a given study (same scanner, settings, and short time span
between scans), calibrated absolute units (eg, mg HA per volume
and Hounsfield units) allow more robust comparisons between
studies and compilation of normal and abnormal data sets across
the published literature.#*1"13205) A shown in Fig. 2, use of
calibrated absolute units allows comparison of scans acquired
from different sets of parameters.

Recommendations for thresholding bone tissue in skeletal
analysis have been discussed.”’ However, the dentoalveolar
complex offers the challenge of four unique mineralized tissues,
requiring further considerations. Thresholding of dentoalveolar

tissues is based on anatomical structures and inherent density
differences between tissues. Because average enamel mineral
density is considerably greater than dentin, bone, and cemen-
tum, simple thresholding is largely sufficient to segment enamel
(Fig. 4A1-A3). The significance of threshold values can be appre-
ciated using tissue volume as a readout. There is no absolute cor-
rect threshold for any of the tissues, and each researcher should
optimize their thresholds according to their scanner and scan
conditions. However, we provide examples of how to evaluate
thresholds and how their choice directly affects enamel, dentin,
and bone volumes calculated. Based on anatomical landmarks
examined over several studies, 1600 mg HA/cm® was deter-
mined to most accurately label enamel in our scans.#4*°6987
Qualitatively, a lower threshold (1400 mg HA/cm?®) resulted in
areas of dentin being identified as enamel (visualized as speck-
ling in dentin areas), whereas a higher threshold (1800 mg
HA/cm®) resulted in enamel volume (EV) underestimation (seen
as visible gaps in 3D renderings, Fig. 4A3 red arrow). Quantita-
tively, these lower and higher thresholds resulted in substantially
different EV values at +32.4% and —39.5%, respectively.
Thresholding for dentin and bone was similarly evaluated. We
selected a lower threshold of 650 mg HA/cm? as most accurately
segmenting bone and dentin volumes (BV and DV, respectively)
in our scans. A lower threshold (450 mg HA/cm?) included areas
that did not anatomically correspond to dentin; for example, an
accessory canal was mislabeled as dentin (Fig. 4A4, red arrow).
Conversely, a higher threshold (850 mg HA/cm?) excluded apical
regions of dentin (Fig. 4A5, red arrow). While these differences
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Fig 4. Strategies for segmentation of dentoalveolar tissues. (A1-A12) Selection of threshold values (mg HA/cm?) will affect calculation of EV, DV, and BV mea-
surements. (A1-A6) Thresholds and resulting 2D images and calculated volumes are reported in the top row; (A7-A12) the second row demonstrates use of filters
to accomplish segmentation of cementum from dentin, particularly how scan resolution and median filters can substantially improve fidelity of segmentation.
Details are described in the text. (B1-B6) Threshold techniques are available to segment tissues quickly and reproducibly, including software operations: object
separator, region grow, lock layers, fill void spaces, and dilate object. (C1-C6) Semi-automation of corrections after segmentation is recommended to save time
and increase reproducibility. These include: edge detection (software uses filters to identify borders; red arrow), walls (user sets boundaries to help software
define borders; red arrow and red dotted line), morph functions (close function is highlighted, where software dilates then erodes the object to original position
unless the dilated object was fully encompassed by the function, thus correcting small internal errors; red arrows), mask (software uses a previously generated
mask, registers it to same position and allows for segmentation only within/outside the mask), and manual correction (here, we show removal of areas that do
not anatomically correspond to cementum). (D1-D3) Subregions of tissues can be defined for targeted analysis. For example, mandibular bone is separated into
basal bone and buccal and lingual aspects of alveolar bone. Proximity can be used to define areas within a certain anatomical structure, such as bone within a
certain distance from the tooth (magenta). Thicknesses can be measured, such as in enamel, different regions of dentin, AC, and CC. AC = acellular cementum; BV
= bone volume; CC = cellular cementum; DV = dentin volume; EV = enamel volume.
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appear subtle in 2D images, the resultant volumetric changes
were not insignificant. Quantitatively, the lower threshold
resulted in values +12.3% in BV and + 6.2% in DV, and the higher
threshold resulted in values —11.2% in BV and —9.4% in DV
(Fig. 4A4-A6).

Because of their similar densities, cementum is particularly
challenging to segment from dentin, but the two can be distin-
guished with appropriate resolution and image processing fil-
ters. Although acellular cementum in mice is extremely thin
(less than 10 pm thickness at ages typically used, eg, up to
6 months postnatal), cellular cementum on the apical portions
of roots grows rapidly after tooth eruption.®>#38% |n our experi-
ence, a high resolution (2 pm voxel size) and a high integration
time (1200 ms) must be used in conjunction with proper filter
and voltage to reliably segment mouse dentin from acellular
cementum (Fig. 4A7-A12).%>**® As seen in the 6-um and 2-pum
heat maps with no filter, the cementum layer has a lower average
density than dentin (Fig. 4A7,A9, as indicated by red/orange/yel-
low voxels), which becomes clearer with higher resolutions
(compare Fig. 4A7 to Fig. 4A9, pink arrow). However, a general
threshold alone cannot properly differentiate the tissues as den-
tin also includes areas with lower density similar to cementum
(Fig. 4A11, pink arrow). To further enhance native density differ-
ences, a median filter was applied, which resamples voxels to the
median density of their neighbors (Fig. 4A12, green asterisk). This
results in a clearer demarcation between dentin and cementum,
allowing for improved segmentation. With the median filter, cel-
lular cementum is readily viewed in 6-pm and 2-pm scans; how-
ever, 6 um is inadequate for isolating acellular cementum. Even
with the median filter in a 2-um scan, newly mineralized dentin
immediately adjacent to pulp had similar density values to
cementum (Fig. 4A12). Sequential steps are required to manually
correct this situation, as outlined in the following paragraphs.

The thresholding values described here were optimized in
normal adult mice, however, optimal thresholding values should
be determined for the project and scientific question(s). For
example, in some contexts (eg, very young mice, models of bone
healing, or genetically modified mice with defective mineraliza-
tion), a threshold value for alveolar bone at 650 mg HA/cm?
may exclude hypomineralized bone and report a low tissue vol-
ume even if there is expansion of poorly mineralized (osteoid)
bone.“? Threshold values should always be included in publica-
tions and any limitations or alterations from the norm should be
discussed.

After optimal threshold values are determined, a myriad of
computer software-based histometric thresholding techniques
is available. The most familiar and least selective is a global
threshold where one value is set for all tissues in a sample. Global
thresholds are useful for separating out structures that are
homogeneous in density or for separating out objects from back-
ground noise, but they are inadequate when numerous tissues
present have overlapping densities; eg, dentin and bone
(Fig. 4B1). With computer and software advances, new histo-
metric thresholding techniques are available. For all segmenta-
tion procedures described in the following paragraphs and
shown in Fig. 4B and 4C, we used semi-automatic and manual
tracing features in AnalyzePro to segment tissues quickly and
reproducibly. Highlighted in Fig. 4B are useful software opera-
tions: object separator (Fig. 4B2; objects that are spatially dis-
tanced are separated), region grow (Fig. 4B3; object definition
is based on defined threshold value and connected compo-
nents), lock layers (Fig. 4B4; a segmented layer is locked from
changes in subsequent steps), fill void spaces (Fig. 4B5; spaces

enclosed within a segmented object are identified as a new
object), and dilate object (Fig. 4B6; a labeled region is expanded
by a user defined distance).

Although the majority of segmentation can be accurately
achieved with threshold techniques illustrated in Fig. 4B, correc-
tion is required. Many semiautomatic correction tools are avail-
able, which save time and increase reproducibility, including:
edge detection (Fig. 4C1; software uses filters to identify borders,
red arrow), walls (Fig. 4C2; user sets boundaries to help software
define borders; red arrow and red dotted line), morph functions
(Fig. 4C3; close function is highlighted here where software
dilates then erodes the object to original position unless the
dilated object was fully encompassed by the function, thus cor-
recting small internal errors, red arrows), mask (Fig. 4C4; software
uses a previously generated mask, registers it to same position
and allows for segmentation only within/outside the mask),
and finally, manual correction, ie, non-automatic, operator-
specific corrections based on previous anatomical knowledge
(Fig. 4C5; here, we show removal of areas that do not anatomi-
cally correspond to cementum).

Our approach includes multiple sequential steps. For tissues
with disparate densities, eg, dentin and enamel, region grow
for a single threshold can be used (Fig. 4B3). Because region
grow searches for connected components, high density voxels
in the dentin are excluded when a seed point is set on enamel.
Areas in dentin that are incorrectly assigned to enamel can be
eliminated with software operations such as morphological
transformations (Fig. 4C3). Once the enamel layer is defined,
locking the layer allows a second threshold to be set for den-
tin/bone without altering the enamel layer (Fig. 4B4). For tissues
with a similar density, semiautomatic segmentation requires
anatomic spatial separation, eg, dentin and bone, which are sep-
arated by an unmineralized PDL that typically spans 50 to
100 pm in width®”® (Fig. 4B2). For contiguous tissues with sim-
ilar densities (eg, dentin and cementum), additional processing
methods can be employed. We applied a median filter with a ker-
nel size of seven to reconstructed images better identified den-
sity differences between dentin and cementum (compare
Fig. 4A10 to Fig. 4A12). A threshold between 250 to
1100 mg/cm? was applied to capture all possible cementum tis-
sue, with minor manual corrections to remove less dense dentin
adjacent to the pulp chamber (Fig. 4C5). This object map was
overlaid to the original scan (non-median filter) and cementum
was then segmented at 650 mg/cm?® only within the region
traced in the median filter mask (Fig. 4C4,C5, mask, manual cor-
rection). Unmineralized tissues, ie, pulp and PDL, can be seg-
mented semiautomatically using density boundaries (Fig. 4B5,
B6,C2, fill void objects, dilate object, and walls/computer assist).
It is essential to accurately describe segmentation strategies in
publications as these can dramatically change results.

Subregions

Further digital subdivision of tissues can be invaluable for den-
toalveolar tissues, which exhibit a great degree of heterogeneity.
Analyses can be targeted toward specific tissue anatomical sub-
regions to detect changes that would otherwise be missed with
whole tissue analyses. For example, subdivision of dentin volume
allows comparison of crown versus root dentin or mesial versus
distal molar roots. Alveolar bone is especially amenable to subdi-
vision into anatomical regions and presents opportunities to
address tissue-specific scientific questions. For example, subdivi-
sions may include separation of the mandible into basal versus
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alveolar bone, and alveolar bone can be subdivided into mesial
versus distal, buccal versus lingual, or even tripartite division into
cervical, middle, and apical alveolar bone (Fig. 4D1). Further,
proximity can be used to define areas within a certain anatomical
structure. In the example shown in Fig. 4D2, we labeled alveolar
bone within 240 pm from the tooth root surface (Fig. 4D2,
magenta) to indicate bone most involved with periodontal
attachment (alveolar bone proper or ABP, as discussed in more
detail below under Examples of Analyses: Alveolar Bone).
Accordingly, the periodontal apparatus can be examined region-
ally or functionally, eg, the PDL, cementum, and alveolar bone
can be subdivided into apical, middle, and coronal regions in
parallel. Because subdivision can be specifically tailored to the
experimental question, the approach must be described in detail
when published, and a figure displaying subdivisions can be
illustrative.®®

In addition to determination of volume and density, thickness
can be a useful measurement. Methods include taking multiple
linear measurements and using software applications to mea-
sure average thickness over a given area.®>=” Single linear mea-
surements are problematic because they are susceptible to high
user bias and lack of reproducibility within and between users.
Strategies to decrease bias include averaging multiple measure-
ments, assigning a single user, calibrating multiple users, and
ensuring reproducible orientations. In some software packages,
the same formulas used to measure cortical thickness in long
bones can be repurposed to measure thickness in dental tissues
given that a hollow cylinder can be approximated by the tissue
(eg, crown dentin). Some examples of thickness measurements
are illustrated (Fig. 4D3).

Examples of Analyses

To address specific research questions, application of appropri-
ate scan settings (Fig. 2), regions of interest (Fig. 3), and segmen-
tation techniques (Fig. 4), are required to provide appropriate
data to test the hypothesis. In the next sections, we provide
examples of how these recommended pCT practices were
applied to real analyses of enamel, dentin, cementum, and alve-
olar bone in genetically edited mouse models.

Enamel

Optimal evaluation of enamel depends on proper thresholding
to avoid overestimating or underestimating enamel volume
(Fig. 4A1-A3). In mouse studies where molars are erupted and
amelogenesis has been completed, we typically threshold
enamel at >1600 mg HA/cm?>.##4>4849 after thresholding and
confirming segmentation of enamel from dentin, enamel vol-
ume and average mineral density are easily calculated. Although
enamel is typically the most straightforward tissue to threshold
and segment, severe defects create challenges for analysis; eg,
when enamel and dentin densities become close or overlapping,
when the enamel structure is severely disrupted (as in the exam-
ple in Fig. 5A), or when enamel is too unstable to remain
attached (also as in Fig. 5A).

Several mouse models of amelogenesis imperfecta (Al), an
inherited disease affecting enamel formation, have been created
and evaluated by pCT.*#88%) Mice genetically ablated for matrix
metalloproteinase 20 (MMP20) phenocopy a form of Al with
hypomaturation defects that reflect secretory stage defects in
amelogenesis.*” In studies analyzing the functions of MMP20,
mice overexpressing this metalloproteinase (Mmp20"*Tg")
exhibited severe enamel defects marked by a patchy, thin,
poorly defined enamel layer that delaminated from dentin
(Fig. 5A).%¢' Molar enamel volume was decreased ~60% and
mineral density reduced ~40%. Because enamel on the cusp
regions of Mmp20**Tg* mice appeared to include ectopic blebs
and flaking dentin, it was difficult to confidently define enamel
borders and estimate thickness. In this scenario, we opted to
measure enamel thickness at lateral locations on the first molar,
where it would be less likely to break due to occlusal forces.
Molar enamel thickness was calculated using cortical bone algo-
rithms for the most median 25 axial slices (150 pm), as measured
from the cementum-enamel junction to the highest cusp tip.
This approach revealed ~70% decrease in enamel thickness in
Mmp20*+Tg* versus control mice molars.

Dentin and pulp

As the mineralized tissue composing the bulk of the tooth, den-
tin has been frequently analyzed by pCT. Although nonminera-
lized dental pulp is not directly analyzed by pCT, morphometric
inferences can be made because it is enclosed by dentin. In

Fig5 pCT analyses of dentoalveolar tissues in genetically engineered mouse models. Approaches described in this work are illustrated here for analysis
of specific dentoalveolar tissues. (A) Enamel analysis was performed on Mmp20™*Tg* overexpressing mice. This severe Al-like phenotype is characterized
by reduced enamel volume and density compared to WT. Enamel thickness was measured at lateral locations (yellow arrows) to avoid area of destruction
on occlusal surfaces. (B) Dentin and pulp analyses were performed on the Hyp mutant mouse model of XLH. Compared to WT, Hyp mice exhibit decreased
dentin volume and density (yellow arrows) corresponding with an increase in pulp volume (yellow *). (C) Cementum and PDL analyses were performed on
the Enpp1 mutant mouse model of GACI. Enpp1 mutant mice feature dramatically increased AC volume and thickness compared to WT (green arrow).
Increased PDL volume and thickness is also detected (red arrow and green *) in Enpp1 mutant versus WT mice. (D) Alveolar bone analysis was performed
on Ddr1 mutant mice that feature periodontitis-like bone loss at 9 months of age. Three pCT approaches were employed to quantify bone loss (yellow
arrows and *). First, an adaptation of the classic linear measurement approach shows bone loss as increased distances up to ~0.4 mm from CEJ-ABC
at multiple locations on buccal and lingual aspects around Ddr1~"~ versus WT molars. Locations are indicated by tooth"'~> and direction or feature (M,
mesial; D; distal; B; buccal; L, lingual; C, cusp; G, groove), as described in Chavez and coIIeagues.“M’ Second, measurement of total alveolar bone loss around
molars reveals 14% reduction in Ddr1~"~ versus WT molars. Third, definition of ABP using a proximity technique (as described in the text and in Fig. 4)
indicated a 30% reduction in ABP in Ddr1~~ versus WT molars. Statistical analysis was performed by independent samples t test; *p < .05; **p < .01;
#xkp < 001; #*%%p < 0001. (A) Reproduced and adapted with permission from Shin and colleagues.*® (B) Reproduced and adapted with permission from
Zhang and colleagues.*? (C) Reproduced and adapted from Thumbigere-Math and colleagues.?® (D) Reproduced and adapted from Chavez and col-
leagues.** ABP = alveolar bone proper; AC = acellular cementum; Al = amelogenesis imperfecta; CEJ-ABC = cementum-enamel junction to alveolar bone
crest; GACl = generalized arterial calcification in infancy; PDL = periodontal ligament; XLH = X-linked hypophosphatasia.
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mouse studies where molars are erupted and primary dentin for-
mation is established, we typically threshold dentin at >650 mg
HA/cm?3 131591:92) After thresholding and confirming segmenta-
tion of dentin from enamel and bone, dentin volume and aver-
age mineral density can be calculated. Dentin and cementum
volumes or densities are often reported as one collective mea-
surement because of similar densities and proximity (though this
volume is sometimes incorrectly identified simply as “dentin” in
publications). This may result in misrepresentation of root dentin
changes because alterations in cementum would also contribute
to combined root tissue measurements. Additional pCT mea-
surements or combination with histological or other approaches
can clarify the situation. Subdivision can be useful in pCT ana-
lyses of dentin and pulp, eg, separating crown and root dentin
for analysis, and this can be done by identifying the CEJ to
demarcate crown versus root tissues.

Several inherited disorders affect dentinogenesis, including
dentinogenesis imperfecta/dentin dysplasia, caused by muta-
tions in dentin sialophosphoprotein (DSPP). Other mineralization
disorders may affect dentin, including multiple forms of osteo-
genesis imperfecta (Ol), hypophosphatasia (HPP), and genetic/
congenital forms of hypophosphatemic rickets.*®%39¢ Hyp
mutant mice featuring mutations in phosphate-regulating endo-
peptidase homolog X-linked gene (Phex) represent a mouse
model of X-linked hypophosphatemia (XLH). In a study to define
the precise dentoalveolar pathology associated with XLH, Hyp
mice were found to feature severe mineralization disorders in
multiple dentoalveolar tissues (Fig. 5B), notably expanded pulp
chambers and dentin defects.*? Molar dentin volume was
decreased ~30% to 40%, whereas dentin mineral density was
decreased ~4% in Hyp versus control mice. Conversely, pulp vol-
ume was increased ~300% in Hyp mice compared to WT. These
dentin measurements included the entire molar after segment-
ing out enamel and pulp space; therefore, they included a small
contribution from cementum. In the case of Hyp mice, the dentin
defects were so severe, and cementum was so reduced and/or
hypomineralized, that there was no practical alternative but to
calculate measurements for combined dentin/cementum, and
this was noted in the Materials and Methods and Results sections
in Zhang and colleagues*® and explored further by other
approaches, including histology, histomorphometry, scanning
electron microscopy (SEM), and nanoindentation.

Cementum and PDL

The cementum layer is diminutive in mice, particularly the acellu-
lar cementum on the cervical region of the root. To date, very few
studies have used pCT to analyze either acellular or cellular
cementum, therefore cementum volume, thickness, and mineral
density have not been routinely included in publications. This is
in spite of the fact that acellular cementum is critical for tooth
attachment and cellular cementum comprises a significant por-
tion of root volume. The primary reason for this is that segmen-
tation of cementum from dentin presents several technical
challenges not easily overcome. In histological slides, both acel-
lular and cellular cementum are clearly identifiable from dentin
based on selective staining (eg, H&E, toluidine blue, or picrosirius
red stain viewed under polarized light, where cementum and
dentin exhibit different organization and orientation of collagen
fibers).®” In order to accurately define cementum by pCT, scan
parameters must be sensitive enough to take advantage of the
morphological, organizational, and relatively small density differ-
ences between cementum and dentin (as outlined above and in

Fig. 4). As with pulp, nonmineralized PDL is not usually analyzed
by pCT, but as an essential component of the periodontal com-
plex that can adapt to and reflect changes in cementum. Analysis
of PDL volume or thickness can be achieved after segmenting
the adjacent hard tissues.

We have optimized scan parameters and analytical
approaches for murine cementum. Parameters judged the most
optimal for cellular cementum were 0.5-mm Al filter, 70 kVp,
6 pm voxel size, and 900 ms integration time. For acellular
cementum, mouse molars were dissected from the mandible
and scanned in a smaller diameter sample holder (Scanco
6.0 mm) with settings of 0.5-mm Al filter, 70 kVp, 2 pm voxel size,
and 1200 ms integration time. In Fig. 4C, we show application of
median filters and masks to segment cementum, and these tech-
niques have been integrated in our studies.*>4>47

In a mouse model of generalized arterial calcification in
infancy (GACI), mice genetically ablated for ectonucleotide pyro-
phosphatase phosphodiesterase 1 (Enpp1~/~) featured ectopic
calcification due to reduced levels of mineralization inhibitor,
inorganic pyrophosphate (PP;). Compared to controls, Enpp1~/~
mice featured dramatically increased cementum formation
(Fig. 50).2** Acellular and cellular regions were defined by
examination of pCT and histology, identifying cellular cementum
in the apical one third of the root and acellular cementum in the
cervical two thirds of the root. With this separation, Enpp1~/~
mice exhibited a 500% increase in acellular cementum volume,
whereas cellular cementum increased ~50%, compared to con-
trols. We further evaluated the PDL space for alterations as a
result of cementum expansion.(‘m PDL was segmented using a
combination of semi-automated and manual functions (see
Fig. 4B, dilate object, walls). When PDL volumes from WT and
Enpp1~/~ mice were overlaid, we noted that PDL width was
maintained and in fact volume was increased in Enpp1~/~ com-
pared to WT mice (Fig. 5C).

Alveolar bone

Alveolar bone in rodents is studied for many reasons, including
to advance our understanding of inherited and acquired bone
disorders, therapies to increase bone quality or quantity, ortho-
dontic tooth movement, and the aging process. Prescribed
approaches for pCT analysis of long bones are well established.”
Using current image analysis software packages, detailed quan-
titative data can be generated, including bone volumes, two
dimensional measurements (eg, cross-sectional areas), and char-
acteristics specific to different regions of bone (eg, cortical poros-
ity, trabecular thickness, and periosteal perimeter). Unlike long
bones, alveolar bone does not feature easily identifiable regions
that are primarily trabecular (like the distal portion of a femur) or
cortical (like the midshaft of a long bone). Instead, the alveolar
bone is composed of a dense layer of cortical bone with an inner
trabecular network of bone in some locations. Consequently,
pCT analysis of rodent alveolar bone has been applied with a
wide variety of approaches.!"#**® These inconsistent
approaches can be attributed to attempts to account for the het-
erogeneity of bone structure, organization, and function in the
mandible. Earlier, we outlined several ways to analyze alveolar
bone (eg, Figs. 4A-D and 5D), including linear measurements,
volumetric measurements, and region-specific measurements
that can be tailored to specific scientific questions. Additionally,
measurements such as trabecular connectivity degree, structure
model index, degree of anisotropy, and cortical minimum
moment of inertia can be obtained, which can be used in finite
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elements analysis. In all cases, ROIs must be carefully defined,
and limitations should be considered and discussed.

Periodontal diseases are among the most prevalent on earth,
causing cementum, PDL, and alveolar bone destruction and
tooth loss, significantly affecting oral and overall health and
quality of life.®*"°V There is great utility in pCT to analyze peri-
odontal pathology, repair, and regeneration. In a study to define
the dentoalveolar functions of discoidin domain receptor
1 (DDR1), a collagen receptor tyrosine kinase that regulates cell
functions and collagen fibrillogenesis and mineralization, mice
genetically ablated for Ddr1 (Ddr1~/~) exhibited severe alveolar
bone loss with age (Fig. 50).** In that study, we employed pCT
in three ways to quantify alveolar bone loss in this model: linear
measurements, total alveolar bone volume, and a novel
approach to measure “alveolar bone proper” (ABP) immediately
adjacent to molar roots. In a modified method of the traditional
caliper based of CEJ to alveolar bone crest (CEJ-ABC) linear
measurement,'%? there was significant vertical bone loss up to
0.4 mm at five locations around Ddr1~"~ molars. In a 3D volumet-
ric analysis of alveolar bone surrounding all three mandibular
molars, a 14% reduction in bone volume was detected in
Ddr1~’~ versus WT mice. To better approximate the actual loss
of attachment that accompanies periodontal disease, we
defined ABP as bone within 240 pm of the tooth root, as mea-
sured radially from tooth root surfaces to include buccal, lingual,
radicular, and interproximal alveolar bone (Fig. 4D2). ABP, also
called bundle bone in humans, corresponds to the lamina dura
of dental radiographs and includes a high density of Sharpey’s
fibers that provide continuity between tooth-PDL-alveolar bone
tissues.®¥ Ddr1~/~ mice exhibited 30% reduction in ABP versus
WT. Although pCT can approximate linear measurements of alve-
olar bone loss, 3D measurement of total alveolar bone better
approximates volumetric changes. A strategy like that described
for ABP increases sensitivity to detect bone loss even further,
putting the focus on the functionally important bundle bone
that anchors PDL fibers.

Artifacts in scans of dentoalveolar tissues

There are several circumstances where puCT scanning artifacts
may be created by appliances or materials, including dental
implants or springs, wires, and composite materials used for
orthodontic tooth movement (OTM) experiments.”” The scan
optimization recommendations in this paper were optimized
for biologic ranges in density; however, these materials typically
have significantly higher densities than oral mineralized tissues.
This situation is particularly difficult to correct because one
approach to reduce these artifacts would be to increase voltage;
however, this will simultaneously reduce quality of biologically
relevant densities. Dual-energy and multi-energy X-ray tomogra-
phy are technologies that would potentially reduce this problem,
as well as provide many other advantages in the segmentation
of biological tissues. These techniques are currently being devel-
oped, and clinical applications are emerging.'® Dual-energy
quantitative X-ray tomography, in which a dual-energy X-ray
source is combined with the resolution of individual photon
energy in the detector, is currently being developed and has
an even greater potential in resolving materials that feature dis-
parate densities within one sample."®? However, practical uses
of these technologies are still under development. Alternatively,
imaging processing algorithms have been proposed to reduce
metal and other artifacts in CT scans,*>'%>1% although, to our
knowledge, these methods have been primarily implemented

for CT, and few studies have translated them to pCT analysis.®"

Because there may not be a way to optimally prevent or amelio-
rate artifacts, care should be taken in analysis and interpretation,
and limitations should be discussed in publications.

Summary of Guidelines

pCT has become an essential tool for analysis of mineralized tis-
sues in mouse models; however, analyses of murine dentoalveo-
lar tissues present unique challenges. Because of these inherent
challenges, important considerations must be taken. Based on
our optimization and application of strategies in dentoalveolar
studies, we provide a list of recommendations for inclusion in
studies utilizing pCT.

+ Scanning parameters should be optimized for analysis of den-
toalveolar tissues, or at least the target tissue(s) in the study,
such that results are not tainted by artifacts or poor image
acquisition, leading to spurious results. Parameters should be
listed in the methods section, including at a minimum the
make and model of scanner, the filter, voltage, and voxel size
(resolution). Integration time has not been widely reported in
studies, although we found this setting useful for scan
optimization.

« Calibration to standards should be addressed; eg, if and how
samples underwent calibration, and whether absolute or rela-
tive units were used in quantitative data.

- Orientation of samples should be described using appropriate
anatomical landmarks.

+ ROI should be carefully defined and/or shown by a figure.

« Segmentation techniques should be detailed in description of
methods. Details should include thresholds applied, use of
automated or semi-automated approaches, and application
of manual corrections. If tissues are subdivided for analysis,
this must be carefully described, possibly with inclusion of
images depicting subregions.

« Analysis software should be cited, and digital tools used for
segmentation should be listed.

Our goals for this review parallel those outlined by Bouxsein and
colleagues™ and Vardelis and Salmon® in their indispensable
reports. Specifically, this review is not meant to dictate specific
approaches for assessing dentoalveolar tissues in mouse models,
but rather to promote increased transparency and reproducibil-
ity, encourage best practices, and provide a basic framework that
can be adapted to apply pCT analysis to dentoalveolar tissues.
The methods and strategies described here for mouse dentoal-
veolar tissues may be extrapolated to dentoalveolar tissues of
larger animals or to other skeletal regions. This requires under-
standing the use of X-ray scanning instruments across length-
scales that are sensitive to space, density, and fields of view,
but can be accomplished using methods described here.
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