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ARTICLE INFO ABSTRACT

Article history: Objectives: The lack of standardized X-ray imaging remains a challenge for comparative
Received 15 December 2021 studies on spatial scans acquired from different clinic-specific X-ray scanners. The central
Received in revised form 4 March objectives of this study are: 1) to delineate mineral density (MD) values, and 2) generate
2022 spatial MD maps of various physiologic and pathologic biominerals, and 3) propose a
Accepted 19 March 2022 standardization protocol within the safe-operating zone of a CT scanner that underpins

normalization of absorbed dose to shape and density of tissues.

Keywords: Methods: A systematic approach to propose a standardization protocol for CT imaging in
Craniofacial and dental tissues vivo included: 1) estimation of pathologic MD ranges by performing a comparative meta-
Skeletal bone analysis on 2009-2019 data from the PubMed database; 2) calibration of cone-beam CT
X-ray imaging (CBCT) and micro-CT scanners with phantoms of known mineral densities (0, 250, 500, 750

and 3000 mg/cc) and shapes (cylinders and polyhedrons); 3) scanning craniofacial bones
(N=5) and dental tissues (N=5), and ectopic minerals from humans (N =3 each, pulp,
salivary gland, kidney and prostrate stones, and penile and vascular plaques); 4) under-
scoring the effect of shape-factor (surface area-to-volume ratio) on MD of biominerals.

Results: Higher MDs of physiologic and pathologic cortical bones (504-1009 mg/cc) com-
pared to trabecular bone (82-212 mg/cc) were observed. An increase in shape-factor in-
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creased the CBCT error in MD measurement and revealed that the scanner resolution is

dependent on the absorbed dose and shape-factor of detectable features.
Significance: CT scanners should be calibrated with phantoms containing segments of
known shape-factors and mineral densities to identify safe-operating zones. The calibrated
approach will narrow the gap between length-scale dependent measurements, and will
permit spatiotemporal quantitative and reliable detection of pathologies.

© 2022 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

Radiodense pathologic biominerals can be visualized
throughout the human body using X-ray computed tomo-
graphy (CT) scanners. Biominerals typically form locally
through complex processes that involve dynamic interac-
tions between the organic and inorganic constituents [1]. The
early stages of these mineralizing nodules cannot be seen
with routine clinical CTs that are designed to image macro-
meter sized pathologies.

These unseen or at times overlooked lower density mi-
neralized beginnings of pathologic biominerals are in fact
spatially highly-ordered (as seen with micro CT), with their
size, shape, and chemical composition determined by their
unique environments. From a practical standpoint, patient
treatments are based on the observed macro-scale pa-
thology, which likely represents a late-stage of a disease
that requires invasive interventions or is no longer trea-
table [2]. In the absence of standard imaging protocols, the
undesirable knowledge gap between biological events and
their progression into clinically detectable pathology will
remain an insurmountable hurdle in rendering timely and
optimal care.

Radiographic imaging in medicine and dentistry provides
clinicians with a visual representation of anatomy with lim-
ited to no information on the pathophysiology of associated
diseases [3-5]. Different X-ray technologies have contributed
to a routine use of non-standardized imaging protocols on
patients [6,7]. Partly for this reason, the reliable detection of
initial disease states using non-invasive imaging with the
goal of prevention or early treatment remains a challenge.
This raises several questions that include: 1) Can existing
extensive data in the literature on mineral densities help
delineate differences between physiologic and pathologic
biominerals? 2) Can early-stage microscopic changes that can
evolve into pathologic biominerals be detected with current
clinical X-ray technologies? 3) Can current X-ray imaging
technologies characterize pathology at varied length-scales;
an early-stage micro-scale radiodense biomineral within a
macro-scale human? To answer these questions, the objec-
tives of this study are to: 1) identify and contrast the pub-
lished ranges and averages of physiologic with pathologic
mineral densities of the same tissue types from the PubMed
database; 2) calibrate X-ray CT scanners to generate quanti-
tative spatial maps of mineral densities in milligrams per
cubic volume (mg/cc) of radiopaque tissues; 3) identify the
sources of error in mineral density (MD) measurement within

and across CBCT and micro-CT scanners; 4) propose a stan-
dardization protocol within the safe operating zone that
would enable clinicians to generate reliable quantitative
spatial MD maps for patients by estimating the scanner error.
The overall goal for this study is to empower clinicians with a
systematic workflow that can reliably delineate the health
status of scanned mineralized tissues. Standardized proto-
cols also will allow scans from different medical centers and
scanners to be compared as clinicians follow their patients
across multiple locations. In essence, a standardization pro-
tocol that delineates pathologies through quantitative scans
irrespective of imaging centers can be envisioned [8-11].
More specifically, the newer quantitative methodologies will:
a) consolidate the commonly observed absorbed dose in gray
scale to Hounsfield units (HU), and from HU to MD (mg/cc)
units of different X-ray scanning technologies across length
scales; b) underpin the effects of shapes and sizes of objects
through shape-factor as a ratio of surface area to volume of
an object on MD regardless of the scanner technology; and c)
underscore the length-scale specific shape-factor effect on
measured mineral densities of biominerals. Finally, this ca-
librated systemic approach will provide reliable mineral
densities of skeletal and craniofacial bones, dental tissues,
and ectopic biominerals and enable an atlas of these phy-
siologic and pathologic biominerals from humans.

2. Materials and Methods
2.1. Meta-data collection and analyses

Published mineral densities categorized as physiologic and
pathologic biominerals, including renal diseases, osteo-
porosis, arthritis, diabetes mellitus, hypophosphatasia, and
hypophosphatemia (see Supplemental Table 1 for a full list of
pathologies) were extracted from 2009 to 2019 PubMed lit-
erature. Articles reporting any surgical or pharmacological
interventions prior to the MD measurements were excluded.
Three separate search queries were used to generate skeletal,
craniofacial cortical and trabecular bones, and dental tissues
(Fig. 1) categories. The search queries included the use of
“mineral density” or “Hounsfield units” as reporting units of
mineral densities. Original journal articles in English that
investigated adult humans were included in the initial data
collection. Original research articles matching the search
queries were further sorted using filters that included sample
size (number of patients and specimens), average MD, and
MD standard deviation or error values.
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A. Search queries for literature review

Specimen category

Search query

(cortical bone) AND (((("mineral density") OR ("Hounsfield Units")) AND

Cortical bone

(physiology OR pathology OR pathologic OR physiologic)) AND

("english"[Language])) AND ("journal article"[Publication Type]) AND

(humansiFilter]) AND (alladult[Filter]) AND (2009:2019[pdat])

(trabecular bone NOT "trabecular bone score™) AND (((("mineral
density") OR ("Hounsfield Units")) AND (physiology OR pathology OR

Trabecular bone pathologic OR physiologic)) AND ("english"[Language])) AND (“journal

Dental tissues

article"[Publication Type]) AND (humans|Filter]) AND (alladult[Filter])

AND (2009:2019[pdat])

(teeth OR dental OR tooth OR enamel OR dentin OR molar OR
cementum) AND (((("mineral density") OR ("Hounsfield Units")) AND

(physiology OR pathology OR pathologic OR physiologic)) AND

("english"[Language])) AND ("journal article"[Publication Type]) AND

(humansiFilter]) AND (alladult[Filter]) AND (2009:2019[pdat])

B. Articles matching search queries

PubMed Query for All Mineralized Tissues
(((("mineral density") OR ("Hounsfield Units")) AND

(physiology OR pathology OR pathologic OR physiologic)) AND
("english"[Language])) AND ("journal article"[Publication Type]) AND
(humans]Filter]) AND (alladult[Filter]) AND (2009:2019[pdat])

+
Tissue-specific query

(cortical bone)

(teeth OR tooth OR

dental OR
(trabecular bone NOT .
"trabecular bone score"), enamel OR dentin OR

molar OR
cementum)

Papers screened 864
Papers with density values | 191
Papers with mg/cc 158

Aggregate no. of patients 91,376

Cortical

bone

Trabecular
bone

C. Scanning parameters used in literature*

Cortical bone Trabecular bone Dental tissues
Current (mA) 209.1 +189.0 163.0 £ 65.5 60.0 +49.5
Voltage (kVp) 104.9 +23.5 98.2+27.5 86.3 +38.8
Scanning speed (mm/s) 275+3.5 23.3+10.3 10 =
Voxel size (um) 396.1.+187.2 357.4 £173.1 221.0 £ 209.1
Slice thickness (mm) 1.9+£07 1.9+£0.8 0.8+0.6

All values show mean + SD

* Data from representative set of articles; ** A single journal article reported scanning speed for dental tissues

Fig. 1 - Flowchart to extract the published data on pathologic and physiologic biominerals. A. Characterization of journal articles
and data collection workflow. B. Illustration of the workflow and filters used in the PubMed database to establish MD dataset.
C. Scanning parameters used in the literature from a representative set of journal articles were. A single journal article under
dental tissues category reported scanning speed. All data show mean + SD.
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Anatomy-specific average mineral densities of skeletal
(femur, vertebral bone, pelvic bone, radius and tibia), and
craniofacial tissues and bones (alveolar bone, cementum,
dentin, enamel, mandible and maxilla), and their respective
two compartments (cortical and trabecular) were categorized
accordingly. Meta-analysis with random-effects model using
a restricted maximum-likelihood estimator was used to
generate a pooled average MD (mg/cc). The pooled average
was weighted using number of patients for each specimen
type (e.g. cortical and trabecular bones) along with their re-
spective 95% confidence intervals to establish reliable MD
ranges. The inherent variabilities in measured mineral den-
sities resulting from scanner resolution, age, and gender
were mapped using the random-effects model. Meta-analysis
was conducted using R statistical computing environment
version 4.0.2 with meta for package [12,13]. From the total
number of articles extracted from the PubMed database
matching the inclusion criteria, thirty articles were randomly
selected as representative articles for each of the cortical and
trabecular bone categories and twenty-three articles were
selected for dental tissues category. These representative
articles were further filtered for the type of scanner and
scanning parameters to reveal if reported MD changes were
anatomy-specific (cortical or trabecular within skeletal bone)
(Fig. 1C).

2.2 Calibration of CT scanners to generate quantitative
MD spatial maps in mg/cc

Two CBCT scanners (CBCT 1 and CBCT 2; Carestream CS 9300
and 8100, Carestream Dental LLC, Atlanta, GA, USA, respec-
tively) and one micro-CT scanner were used to scan all spe-
cimens at different length scales (Fig. 3). Each scanner was
calibrated to a set of cylindrical phantoms with known MD
segments of 0, 100, 250, 500, and 750 mg/cc (CIRS Tissue Si-
mulation & Phantom Technology, Norfolk, VA, USA). One
segment of the phantom could be accommodated within the
field of view (FOV) of the micro-CT (MicroXCT-200, Carl Zeiss
X-ray Microscopy, Pleasanton, CA, USA) scanner compared to
all segments within the FOV of CBCT 1 and 2 scanners. A
current of 4 mA and voltage of 90kVp and 84 kVp, were used
when scanning using CBCT 1 and CBCT 2 respectively. The
micro-CT was set to two different settings. The first setting
was to a current and voltage of 0.198 mA and 40 kVp (micro
XCT 1), and the second setting was to a current of 0.088 mA
and a voltage of 90kVp (micro XCT 2). Three different poly-
hedron sizes, small (16 mm?®), medium (77 mm?), and large
(467 mm?), of hydroxyapatite of a standard MD (3000 mg/cc)
were scanned separately using both CBCTs and micro-CT
scanners at aforementioned settings. The exposure time per
specimen for CBCT 1 was 12-23 s, with 429 projections, and a
signal to noise ratio (SNR) of 3. The exposure time for CBCT 2
was 3-15s, with 650 projections and an SNR of 4. The ex-
posure time for micro-CT at 40 kVp was 33 s/projection, with
360 projections, and SNR of 5; and at 90 kVp was 4 s/projec-
tion, with 360 projections and an SNR of 5. Average gray va-
lues representative of absorbed dose, and Hounsfield units
(HU) of each segment were plotted against the known MD
value of that segment.

2.3.  Quantitative MD maps of biominerals

Micro-CT at 4X magnification and 40 kVp was used to scan
pathologic minerals from different anatomical locations of
various patients. Tissues included, craniofacial bones (N =5),
and ectopic biominerals (N =3) such as mineralized pulp,
salivary, prostate, and kidney stones, and penile and vascular
plaques. All specimens were collected intra-operatively at the
University of California, San Francisco under institutional
review board approval (IRB #14-14533 and protocol
#H8933071801). To further delineate voltage-dependent
structure resolution capabilities between CBCT and micro-CT
scanners, specimens were scanned at 90 kVp using micro-CT
to match the default peak voltage of the CBCT scanner. The
digitally reconstructed images of the experimental speci-
mens including ectopic biominerals were analyzed using
AVIZO 2019.2 software (Fisher Scientific, Hillsboro, OR) to
generate spatial maps of absorbed dose in gray values to mg/
cc using the calibration curves for CBCT and micro-CT re-
spectively.

2.4. Quantification of error in MD measurements

The surface area and volume of each specimen (calibration
specimens, tissues of the teeth, and ectopic biominerals) in
addition to MD were calculated from each digitally rendered
volume. The shape-factor (SF) of each specimen was defined
as the ratio of its surface area to volume (mm™?). Shape-
factor was considered to estimate error in MD measurements
because the surface area and volume of a detectable feature
are affected by spatial/voxel resolution of CT scanners. The
variation in MD was quantified using standard error (SE) of
average mineral densities observed in phantoms with known
MD. Standard error was estimated as the ratio of standard
deviation of measurements to the square root of the number
of voxels. The safe operating spatial zones within which MD
can be reliably measured using CBCT and micro-CT were
mapped by identifying the contribution of shapes and sizes of
ectopic biominerals to the standard error in MD measure-
ments. Statistical analyses of SF was performed using a linear
regression model that identified changes in measured errors
in mineral densities per unit change in shape-factor.

3. Results

3.1. Meta-data analysis of physiologic and pathologic
bones and dental tissues extracted from the PubMed database
(Figs. 1, 2)

A total of 1981 articles between 2009 and 2019 reporting mi-
neral densities of physiologic and pathologic bones and
dental tissues were collected from the PubMed database
(Fig. 1A-C). After applying the inclusion and exclusion cri-
teria, 417 articles (Fig. 1B) illustrated voltage range from
12kVp to 130kVp with a voxel size range from 3.8 pum to
400 pm (Fig. 1C). The enlisted mineral densities of physiologic
and pathologic mineralized tissues illustrated inherent het-
erogeneities regardless of the units in which they were pub-
lished (either HU or mg/cc). Cortical bone, as expected was of
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Fig. 2 - Metadata of mineral densities of skeletal and craniofacial bones, and tissues of teeth. Physiologic and pathologic mineral
densities of skeletal bones (Ai, top row) and their cortical and trabecular compartments (Aii, bottom row) and oral and craniofacial
tissues (B) are shown. MD measurements reported in milligrams of mineral per unit of cubic centimeter (mg/cc) (Bi, top row) and
Hounsfield units (Bii, bottom row) are shown. All graphs contain horizontal lines (colored) that are scaled to the mineral densities
of calibration specimens. * indicate significant differences (P < 0.05).

a higher MD (504-1009 mg/cc) compared to trabecular bone
(82-212mg/cc) (Fig. 2Ai-ii). Tissues of teeth, including en-
amel, dentin, and cementum illustrated the highest mineral
densities (Fig. 2Bi) compared to skeletal bones. Both skeletal
bone and craniofacial tissues illustrated significant overlaps
in average mineral densities between physiologic and pa-
thologic biominerals (Fig. 2A and B). Note that the units in
Fig. 2Bii are presented in HU (y-axis) but are presented re-
lative to mg/cc (lines of different colors illustrate a scale in
mg/cc).

3.2 Calibration of CBCT and micro-CT gray scale values to
mg/cc using segments of known shapes and sizes, and
mineral densities (Fig. 3)

Calibration specimens consisting of segments of known mi-
neral densities (MD) in mg/cc were scanned using CBCT and

micro-CT systems (Fig. 3A). Distinct delineations between
each gray value ranging from 0 to 750 mg/cc was observed
with the micro-CT which was apparent at both 40kVp and
90kVp scanning voltage. The gray scale distinctions, how-
ever, were not discernible using the CBCT systems-instead a
smooth transition from lower to higher gray values was ob-
served (Fig. 3Bii). Scanning parameters influenced gray value
to HU conversion, but this difference was minimal for HU to
mg/cc conversion (Fig. 3Bii-iii).

3.3. Length-scale characterization of craniofacial
specimens (Fig. 4) and ectopic biominerals (Fig. 5)

As expected, the mineral densities (mean + SD mg/cc) of
enamel (1806 + 330 mg/cc), dentin (778 + 147 mg/cc), and
cortical (693 + 197 mg/cc) and trabecular (332 + 143 mg/cc)
bones were significantly different (P < 0.05; Fig. 4A). The 3D
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A. X-ray CT scanning parameters

i. CBCT

Cone Bean Computed Tomography

CBCT1

CBCT2

Type

Field of view

Carestream CBCT CS 9300

11cm x 17cm

Carestream CBCT CS 8100

8cm x 9cm

Voxel size 250um x 250pm x 250pm 150pum x 150pm x 150pm
Current 4 mA 4 mA
Voltage 90 kVp 84 kVp
Absorbed dose
(dose area product) * 897 mGy.cm? 1169 mGy.cm?
Effective dose * ~0.142 mSv ~0.045 mSv
* from manufacturer
ii. Micro-XCT
Micro-XCT 1 MicroXCT 2

Micro X-ray Computed Tomography
Type

Field of view

(dose area product) **

Effective dose

Zeiss MicroXCT-200 (4X)

0.5cm x 0.5cm

Zeiss MicroXCT-200 (4X)

0.5cm x 0.5cm

Voxel size 5um x 5pm x 5pm 5pm x 5um x 5pm
Current 0.198 mA 0.088 mA
Voltage 40 kVp 90 kVp
Absorbed dose 210 mGy.cm? 470 mGy.cm?

** calculated from Current and Voltage
D = Wfat/4nr?, f = 10-SEZ

Where I¥: power (ergs/sec), E: electron energy (keV), Z: atomic number, a: mass energy
absorption coefficient (cm?/g), t: exposure time (sec), r- sample to source distance (cm)

B. CBCT and Micro-XCT calibration

i CBCT 1 CBCT 2 Micro-XCT 1 Micro-XCT 2

6000 HU

ii.
CBCT90 - CBCT 84 — Micro-XCT 40 -+ Micro-XCT 90 CBCT 90 - CBCT 84
90 kVp
20000 40 kVp 2000
() )
8 15000 1 I } 1500
g rorernry T SOKVP i 84 kVp
=, 10000 oo 5 e+ EEETEREEY A - 1000
il 4
O 50001 Y 500
Q 1 3. 4 5. & 0' 1 2 3 4 5 6
Cylinder height (mm)
ii. iv.
CBCT 90 CBCT 84 = Micro-XCT 40 - Micro-XCT 90 = Micro-XCT 40 - Micro-XCT 90
20000 o
¢ =
10} [
3 15000 D 10000
) o
> 10000 2
u 2 5000
O 5000 3
T
0 1000 2000 3000 0 1000 2000 3000

Mineral density (mg/cc)

Fig. 3 - Calibration of CBCT and micro-CT using standards of known mineral densities. (A) Representative CBCT and micro-CT

scans (Ai and ii), scanning parameters of CBCT and micro-CT (Ai-ii), and calibration standard with segments of uniform width
and known MD ranging from 0 to 750 mg/cc (Bi) are shown. (B) Calibration curves for the respective CT systems are obtained
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by extracting the gray value profile along the length of the calibration standard (red box (B, a; B, i)). Line profiles (Bii) of gray
values to evaluate resolution capacity of density from all scanners are illustrated. Gray values are correlated with mineral

densities (Biii) of the segments to generate calibration curves for CT systems respectively. The correlation between
Hounsfield units.vs. mineral densities (Biv) of micro CT also is shown.
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Fig. 4 — Estimated mineral densities of human craniofacial bones and dental tissues are length-scale dependent. (A) Rendered
volumes of human dental and craniofacial tissues as seen by the CBCT illustrate apparent differences and ranges in gray
scale intensities (histograms, table) between enamel, dentin, and cortical and trabecular bones. (B) 3D rendered volumes of
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rendered volume and 2D virtual slices illustrated differences
in voxel and pixel spatial resolutions of the craniofacial and
dental tissues when using the CBCT and micro-CT scanners
respectively (Fig. 4). Further segmentation of the same dental
tissues and craniofacial bones, and measurements of mineral
densities demonstrated consistently lower estimates of MD
in CBCT compared to micro-CT. For example, enamel showed
MD of (1296 + 201 mg/cc) when scanned using a CBCT vs.

(2578 + 239 mg/cc) when scanned using a micro-CT; both
scanners were calibrated with the same standard (Fig. 4B).
Inherent structural differences in ectopic biominerals using
micro-CT, as well as inter- and intra-specimen hetero-
geneities in tissues of the teeth, and salivary, prostate, and
kidney stones, and penile and vascular plaques (Fig. 5) were
observed.
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3.4.  The effect of shape-factor and error in measured
mineral densities (Fig. 6)

Gradients of gray scale were observed by scanning hydro-
xyapatite (HA) specimens of varying (volume:
4-467 mm?3, shape-factor: 0.79-5 mm™?) and calibration stan-
dards containing HA particulates within segments of known
mineral densities using CBCT. Distinct differences between
zones of gray values in addition to HA particulates within
each segment, were visible, but only with micro-CT (Fig. 6A).
Measurement error quantified as standard error of mean MD
showed error dependence on size of the scanned specimen.
CBCT, on average, showed 6.6 mg/cc increase in error per unit
increase in surface-area to volume ratio (P < 0.001). No sig-
nificant difference in error related to size (SA:V) of the spe-
cimen was observed when scanned using micro-CT under
40kVp and 90kVp (Fig. 6B). When quantifying error depen-
dence of MD on phantom size using calibration standards
and experimental specimens, micro-CT showed little to no
dependence (slope: 0.0003mg/cc per unit chance in SA:V),
whereas, CBCT showed a significantly positive correlation
(slope: 5.7 mg/cc per unit change in SA:V) such that as the
size of the specimen decreased (increase in shape-factor), an
increase in measurement error of MD was observed (Fig. 6C).
Specimens within a range of 0.79-3.25mm™" (SA:V) and
within a spatial resolution of at least 0.42mm? (based on
voxel size of 250 um) showed minimal change in measured
MD error (+ 4mg/cc). This trend of increased error with in-
creasing shape-factor persisted when scanning the same
dental tissues using both CBCT scanners (Fig. 6D).

sizes

3.5.  Atlas of physiologic and pathologic mineral densities
of biominerals (Fig. 7)

Estimates of pooled mineral densities extracted from the
meta data-analysis (Fig. 1) and weighted by the number of
patients illustrated significant differences between physio-
logic and pathologic MD (mg/cc) in the cortical compartment
of lumbar vertebral bodies, radius and tibia, and the trabe-
cular compartment of radius and tibia (Fig. 7B). Cementum of
craniofacial and dental tissues, also differed significantly
(Fig. 7A). Map of MDs from meta-analysis supplemented with
those of pathologic biominerals scanned at a higher resolu-
tion (voxel size: 5um) showed varying degrees of overlap
between tissue types (Fig. 7C).

4, Discussion

Reliable detection of acute and chronic disease states using
radiographic imaging with the goal of mitigating disease
progression remains a challenge. Meta-analysis on mineral
densities within the literature (Fig. 1) illustrated no sig-
nificant patterns that could delineate group-specific physio-
logic and pathologic average mineral densities (Fig. 2). The
primary effectors for the observed overlap may be the use of
different scanners (Fig. 3), and the lack of a calibrated X-ray
imaging protocol in vivo [6,7,14]. Regardless of these limita-
tions, macro-trends such as clustering of cortical and

trabecular bone into higher and lower MD ranges, respec-
tively, were observed (Fig. 2B).

In a radiograph, the differences in gray scales between
pixels (2D) or voxels (3D) are exploited to identify abnorm-
alities in mineralized tissues. Intensities that are reflective of
absorbed dose are normally reported as gray scale but in ar-
bitrary units (a.u.) [14]. Arbitrary units are scaled to Houns-
field units (HU), and on occasion are translated to milligrams
per unit volume usually in centimeter cube (mg/cc) [15]. Gray
shades, fundamentally are an estimate of the mineral den-
sities of a physical mass/matter [16,17]. Clinical X-ray detec-
tors, however, are often calibrated to — 1000 HU for air and 0
HU for water [18]. Given this narrow range, the use of HU to
differentiate a wide range of pathologies from fatty liver to
osteoporosis is improbable [3,4,19]. The current practice in-
volves fitting intensity based gray values to HU ranges of air
and water under the assumption that most scanner-to-de-
tector relationships are linear, and that this relationship is
independent of source power. This confounding factor of the
covariance in source power to absorbed dose by the specimen
scanners could affect MD measurements regardless of their
anatomical locations [14,20]. Furthermore, it is conceivable
that the absence of standardization could be yet another
plausible explanation for the observed overlap between
physiologic and pathologic MDs (Fig. 2). For these reasons
imaging in vivo through the use of phantoms with known
mineral densities will provide spatial maps of pathologic
biominerals, but within the confines of the spatial resolution
of CT scanners, resulting in unreliable measures.

Spatiotemporal sensitivity of a scanner to structural and
MD changes within tissues/organs will guide a physician to
detect risk and disease burden [21-23]. Reliable detection of
disease burden is dependent on the size and shape of the
pathology [24-26]. Acute and chronic changes in pathologies
should be detected both as a change in shape and MD, or a
combined effect of the two. In addition to gray scale to mg/cc
conversion/calibration of CT scanners, there lies yet another
challenge in that the spatial resolving capacities of clinical
scanners also should be challenged. This brings to light yet
another limitation, in that, the scanner’s resolution also
should be adequate to detect spatiotemporal structural
changes in pathologic biominerals.

The visually apparent spatial resolution discrepancies of
the same specimens by CBCT and micro-CT scanners (Figs. 4,
5) illustrated the need for spatial sensitivity and spatial cali-
bration of the CBCT scanner; that is calibration should not be
limited to MD alone (Figs. 4B, 6). The variation in MD (Fig. 4B)
revealed that the intensity differences also are based on
structure of the same matter/pathology and is length-scale
specific. Micron-sized finer particulates within the larger
segments, were detailed by micro-CT (Fig. 6A, micro-CT
scans), and were not seen by the CBCT. These apparent dif-
ferences in length scales across the systems also delineate
scanner-specific spatial resolutions. Given that the intrinsic
MD measures are size and scanner specific, a safe operating
spatial zone for CBCT was identified with a shape-factor
range of 0.79-3.25 mm™" that permits on an average + 4mg/
cc error in measurement (Fig. 6C and D), and specimens and
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Fig. 7 - Atlas on MD ranges of various physiologic and pathologic tissues in a human body. Meta data (plots) of mineral densities
of physiologic and pathologic tissues from literature; and their 95% confidence interval and average MDs of cortical,
trabecular and their collective averages are shown. Physiologic and pathologic tissues including the lumbar spine, cortical
and trabecular compartments of radius and tibia illustrate no overlap in respective MD ranges (Aii, see asterisks). No overlap
in MDs of physiologic and pathologic cementum (Bii, see asterisks) was observed. MDs and their respective standard
deviation of specimens from literature and specimens scanned using micro-CT (see asterisks) are shown. Ranges of MDs
within the human body, based on meta-analysis, along with mineral densities of their cortical and trabecular compartments

are illustrated (bottom row).

sizes above the upper threshold will render an increased
error in reader’s interpretation.

The beginnings of a pathology are often smaller 4-5 um in
size (routine CT spatial resolution range 5 - 400 um), and are
not detectable with current CT systems. Often, the size of a
lesion also is used as a measure for disease prognosis [27,28].
Semi-quantitative maps of breast calcifications that include
number, size, and shades of radiolucency, for example illu-
strated that CT calibration should not be limited to density
only, but should also include its spatial dimensions [27,29];
the surface area to volume ratio of a specimen or its shape-
factor (Fig. 6). In essence, calibration of CT scanners for
shape-factor effect on MD will minimize specimen size-spe-
cific error, and increase the disease prognosis accuracy. The
error in MD measurements increases in CT systems that are
only calibrated for MD without accounting for shape of the
unit volume of mineral (Fig. 6C). Proposed calibration for an
accurate disease detection and prognosis therefore should
include MD vs. specimen shape-factor. Results of this study
proposed insights into the use of calibration standards with
segments of defined geometries and known MDs (Fig. 6). This
systematic approach using calibration standards would allow
conversion of grey scale to the absorbed dose by each seg-
ment with a known shape-factor and MD. This approach
would be akin to calibrating a mechanical testing equipment
to known strengths of various standard materials with de-
fined geometry as per the guidelines of American Standards
for Testing Materials (ASTM) [30,31].

The current state of radiographic technology that exploits
daily and weekly calibration is best expressed through high-
resolution peripheral quantitative computed tomography
(HR-pQCT; 9.4-68kVp and 0.9-1.5 mA) that demonstrates ca-
librated but short-term single-site precision [32,33]. Cali-
brated approach used in HR-pQCT enables higher resolution
(voxel size of 61-82 pm) quantitative maps of bone structure
and MD of peripheral tissues; a systematic approach with HR-
PQCT is already in use by the clinics. A similar approach
should be encouraged when using CBCT and whole-body CT
in clinics to generate calibrated scans of patients, with an end
goal of generating quantitative and reliable MD maps as
clinicians follow their patients. Such standardization pro-
tocol would aid in generalization of CBCT scanning despite
knowing that variation in scanning parameters and scanner
types can expose patients to a wide range X-ray energies [34].
Based on this systematic study, a detectable net difference of
at least 50 mg/cc (physiologic - pathologic mineral densities)
regardless of the scanner resolution is proposed as an early-
stage indicator of pathologic biomineralization (Fig. 7).

A two-step standardization protocol to generate spatio-
temporal quantitative evaluations of pathologies in vivo is
proposed. Steps include 1) calibrate scanners with standards
containing segments of known geometries (Step 1, Fig. 8) and
MDs; 2) scan patients with a calibration specimen to estab-
lish a quantitative and a reliable spatial map of MDs accurate
to both size and shape (Step 2, Fig. 8). The first step would
permit identification of upper and lower threshold limits of
the scanner, and will allow reliable detection of MD based on
size and X-ray attenuation. The second step will map and
confirm the mineral densities of scanned mineralized tissues
(physiologic and pathologic) in vivo. The transition of stan-
dard calibration from gray value and HU to mg/cc using
phantoms of known MDs and shapes, and known scanning
conditions would permit in vivo spatiotemporal quantitative
evaluations of pathologies albeit the resolution being length-
scale dependent.

5. Limitations and Conclusions

The observable minimum error in measured MD using a
micro-CT was because of a narrow range of SA:V ratio.
Similar to the CBCT that was used for scanning macro-meter
to micro-meter sized specimens, the micro-CT should be
challenged from micro-meter to nano-meter sized specimens
to estimate the effect of shape-factor on vs. standard error in
MD measurements. The existing literature does not clearly
delineate the differences in physiologic and pathologic mi-
neral densities. Based on this systematic study a detectable
net difference of at least 50 mg/cc (physiologic - pathologic
mineral densities) regardless of the scanner resolution is
proposed as an early-stage indicator of pathologic biominer-
alization (Fig. 7). Reliable detection of net changes in mineral
densities and feature sizes is required for tracking spatio-
temporal changes in pathologic tissues.

The outcomes from this study within the context of the
aforementioned objectives are as follows. 1) Meta-analysis of
the data from literature identified larger macro-trends in MD
differences (cortical bone vs. trabecular bone), but failed to
consistently delineate pathologic from physiologic mineral
densities. 2) Calibrated quantitative MD maps underscored
the effects of "feature shape and size" on MD. 3) This sys-
tematic study underpinned the “information gap” by high-
lighting the “safe-operating zones” across length-scales
(CBCT and micro-CT). Based on this systematic study, a de-
tectable net difference of at least 50 mg/cc (physiologic - pa-
thologic mineral densities) regardless of scanner resolution is
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Fig. 8 — Standardization of CT imaging in vivo across length-scales. Standardization of CT imaging across length-scales can
provide insights into pathophysiology by mapping, the MD, and structure of biominerals. A two-step calibration method
includes scanning calibration specimens of 1) different shapes and sizes, with different mineral densities to generate
necessary scanner calibration curves; 2) scan patient’s whole body and head using the same calibration specimens identified

in step 1.

proposed as an early-stage indicator of pathologic biominer-
alization (Fig. 7). Reliable detection of net changes in MDs and
feature sizes is required for tracking spatiotemporal changes
in pathologic tissues. 4) the practical utility of this study lies
within the proposed standardization protocol to decrease the
error in reader’s interpretation of CT scans. Future studies
and manufacturers should calibrate scanners using phan-
toms of different sizes and shapes to generate shape-factor
vs. MD calibration curve that would decrease the error in
reader’s interpretation and clinical diagnosis. Lastly, 5)
Correlative microspectroscopic approaches that also inter-
face with radiographic CT scanners are needed to investigate
the root cause of biomineralization. For example, tumor
malignancy with single photon emission computed tomo-
graphy (SPECT) is complemented with radiographic CT to
allow macroscale spatial visualization of the tumor.
Similarly, year-long chemotherapies can be paired with cali-
brated CT evaluation to monitor bone response to chemo-
toxins to visualize the emergence of collateral damage to
prevent long-term fracture risk.

While no one system can aid in visualization of a complex
pathophysiological process that results in pathologic bio-
minerals (Figs. 5, 7); investigation of “root” cause of biomi-
neralization will benefit from correlative approaches that
also interface with radiographic CT scanners. For example,
just as tumor malignancy with single photon emission com-
puted tomography (SPECT) is complemented with radio-
graphic CT to allow macro-scale spatial visualization of the
tumor, year-long chemotherapies can be paired with cali-
brated CT evaluation to monitor bone response to chemo-
toxins to visualize the emergence of collateral damage to
prevent long-term fracture risk .
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