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Abstract

Computed tomography (CT) and microcomputed tomography (LCT) require calibra-
tion against density phantoms scanned with specimens or during routine internal cali-
bration for assessment of mineral concentration (MC) and density. In clinical studies
involving bone, alternative calibration methods using bodily tissues and fluids (“phan-
tomless” calibration) have been suggested. However, such tissues are seldom avail-
able in archeological and osteological research. This study investigates the potential
of dental tissue as internal reference for calibration of uCT scans, facilitating the anal-
ysis of bone MC. We analyzed 70 molars from 24 extant primate species, including
eight human teeth, each scanned with density phantoms for calibration. Our findings
indicate that sampling specific regions of molars (lateral aspects of the mesial cusps)
yields low variation in enamel and dentine MC values, averaging 1.27 g/cm3 (£0.03)
for dentine and 2.25 g/cm3 (+0.03) for enamel. No significant differences were
observed across molar types or among scanning procedures, including scanner model,
resolution, and filters. An ad hoc test on 12 mandibles revealed low variance in MC
between the conventional phantom and dental tissue calibration methods; all 36 mea-
surements (low, medium, and high MC for each mandible) were within 0.05 g/cm3 of
each other —81% were within 0.03 g/cm® and 94% within 0.04 g/cm®. Based on
these results, we propose a new “phantomless” calibration technique using these
mean enamel and dentine MC values. The presented phantomless calibration method
could aid in the assessment of bone pathology and enhance the scope of studies
investigating bone structure and physical property variations in archeological, osteo-

logical, and laboratory-based research.
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1 | INTRODUCTION

Computed tomography (CT) scanning, a medical imaging technique
that employs x-rays, is a versatile tool with numerous practical medi-
cal applications. While the diagnosis of conditions often relies on clini-
cal expertise, in some instances the precise quantification of bone
density values is needed. In particular, scan calibration plays a crucial
role in evaluating bone pathologies causing changes in density and
mineral content through time (Jaramillo et al., 2015; Nazarian
et al., 2008; Richards et al., 2010; Telfer et al., 2021). The need for cal-
ibration extends to research involving in vivo imaging of model mam-
mals and ex vivo scanning of tissues, where the accurate assessment
of density and mineral content variations may be essential (Bart &
Wallace, 2013; Beaucage et al., 2016; Bouxsein et al., 2010; Sevilla
et al., 2015). The calibration process involves scanning materials of
known-density and mineral content, called density phantoms or stan-
dards, alongside the sample, or alternatively, phantoms are scanned
separately either as an initial calibration procedure or at regular time
intervals (e.g., Loch et al, 2018; Schwass et al., 2009; Sevilla
et al., 2015; Srirangapatanam et al., 2022).

Phantomless calibration techniques have emerged as viable alter-
natives in clinical settings. These innovative approaches enable the
calibration of CT/microcomputed tomography (uCT) scans for
the assessment of bone mineral content and density by using bodily
fluids and/or soft tissues as a calibration reference, including blood,
fat, and muscle (e.g., Bartenschlager et al., 2022; Bartenschlager
et al., 2023; Gudmundsdottir et al., 1993; Lee et al., 2017; Pickhardt
et al., 2011; Prado et al., 2021; Weaver et al., 2015). Bone mineral
density refers to measurements taken concerning the adjacent soft
tissue, such as the quantity of bone within a mixed region of bone and
soft tissue. Consequently, it does not provide insights into the mineral
content of bone in distinct areas. To address this terms such as “tissue
mineral density” (TMD; Bouxsein et al., 2010; Kazakia et al., 2008),
and “mineral concentration” (MC; Towle, Salem et al., 2023) are used
when investigating a particular tissue type.

In nonmedical research, such as pCT and CT studies in osteology,
archaeology, and paleontology, the assessment of bone MC is often
not required. For instance, when examining tissue volume, size varia-
tion, or employing geometric morphometric techniques, calibration of
scans is typically unnecessary (e.g., Lei et al., 2020; Pan et al., 2021;
Skinner et al., 2010; Smith et al., 2012; Zhang et al., 2021). In these
studies, the evaluation of tissue density is only needed during the ini-
tial tissue segmentation, where calibration methods are seldom
required. Certain samples, particularly fossil and archeological in spe-
cific environmental contexts, have inherent challenges in MC estima-
tion of bone or teeth due to taphonomic alterations (Towle
et al., 2021; Wu & Schepartz, 2009). Nevertheless, there is potential
for enhancing archeological and osteological studies with valuable MC
data if a reliable and user-friendly calibration method can be
established.

A promising solution to facilitate “phantomless” calibration of
bone MC, applicable to both archeological and modern scenarios,

entails using dental tissue as a reference material for calibration.

Dental enamel, and to a lesser extent, dentine, are known for their
consistently high mineral content and associated mechanical proper-
ties (Cuy et al, 2002; Loch et al., 2022; Park et al, 2008;
Srirangapatanam et al., 2022). Nonetheless, several critical consider-
ations need to be addressed before dental tissue can be used for
phantomless puCT calibration of bone MC. A crucial factor is the vari-
ability observed in enamel and dentine, as even minor variations could
introduce biases. However, recent research has highlighted the poten-
tial for consistency in MC values within specific enamel and dentine
locations, provided that standardized data collection criteria are
adhered to (Towle, Salem et al., 2023). This finding served as the
impetus for the current study, which seeks to examine the feasibility
and efficacy of a dental phantomless calibration method for bone MC
research.

In this study, we use a streamlined recording scheme to minimize
variability within tooth crown regions. Specifically, tooth regions with
high variability in mineral content, such as outer and inner enamel/
dentine locations and cusp tips, have been intentionally excluded from
consideration. Subsequently, we evaluated this modified approach
across molars sourced from various primate taxa, and different scan-
ning protocols, in order to assess variability across samples. The over-
arching objective was to ascertain the feasibility of using teeth as a
proxy for traditional density standards/phantoms when calibrating
UCT scans for bone MC research. Our hypothesis posits that varia-
tions in MC will be low in these specific tooth locations, with no sig-
nificant differences among species, commonly used scanning
techniques, and/or molar tooth types, rendering this method practical
for uCT calibration. However, should our hypothesis be refuted—
confirming variability in MC values within specific enamel and dentin
locations across various species, scanning techniques, and tooth
types—it would suggest teeth may not be suitable for calibration of
uUCT scans.

2 | MATERIALS AND METHODS

21 | Samples

We examined a total of 70 molars, encompassing specimens from
21 Catarrhini and three Platyrrhini species. Only teeth that were free
of macroscopic pathology and excessive tooth wear were selected.
Here, excessive tooth wear is defined as the convergence of two or
more dentine islands associated with each cusp on the occlusal sur-
face. All specimens were scanned “dry” (i.e., osteological/museum
specimens). Of the eight human teeth examined, two were obtained
as extractions part of routine dental treatment with patient consent
and had previously been stored at the University of Otago University
Faculty of Dentistry teaching collection in 10% formalin solution. Both
specimens were left to air dry for several days before scanning. The
remaining human samples were archeological in nature, originating
from sites in present day Philippines (site: Basco) and Northern
Vietnam (site: Con co Co Nngua), and are curated at the Australian

National University. One of the archeological samples, Con Cco
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Nngua, was associated with a hunter-gatherer population that lived
around 6800-6200 years ago in what is now Northern Vietnam. This
site, placed within a broader regional and temporal framework, has
been extensively examined in the literature (e.g., Jones et al., 2019;
Oxenham, 2006; Oxenham et al., 2018; Scott et al., 2019; Vlok
et al., 2022). The other site, Basco, located on Batan island, Northern
Philippines, is not dated. However, teeth were recovered from a jar
burial and are believed to predate European contact (see Bellwood &
Dizon, 2013). Both clinical extracted and archeological human teeth
were UCT scanned at the Otago Micro and Nanoscale Imaging facility
before being returned to the original collections.

The non-human primate samples are curated at the Primate
Research Institute (PRI) (now the Center for the Evolutionary Origins
of Human Behavior), Kyoto University, Japan, and from several
museum collections within New Zealand: Auckland Museum
(Auckland), University of Otago (Faculty of Dentistry, Dunedin), Otago
Museum (Dunedin), and the Dunedin Museum of Natural Mystery
(Dunedin). Considering all samples, most are from Cercopithecidae
(species: 15; samples: 46), followed by Hominoidea (species: 6; sam-
ples: 18, including 8 human molars), and a smaller sample of Platyrrhini
(species: 3; samples: 6). The SOM details each sample, including spe-
cies, tooth type, sex (if known), place of curation, and the settings
used for scanning (summarized below). The data that supports the

findings of this study are also available in the Supplementary material.

2.2 | Data collection

Two different uCT scanners were used in this study, one at the PRI
(SkyScan1275) and one at the University of Otago (Skyscan1172).
Different filters and resolutions were used for these two machines.
Whole jaws (maxilla/whole skull and mandibles) scanned at PRI were
scanned at lower resolution, and the individual teeth scanned at the
University of Otago were scanned at higher resolution. The main dif-
ferences in settings/filters are summarized in Table 1. For individual
tooth samples, specimens were positioned with all cusps facing
upward, ensuring approximate horizontal evenness. The teeth were
inserted into a thin plastic tube positioned directly above the density
phantoms before being placed in the scanning chamber. When teeth
were scanned within jaws, molars were oriented with cusps facing
approximately vertical, and the phantoms were positioned directly
above or below the teeth.

Resin-hydroxyapatite phantoms were used to calibrate grayscales
and MC in each specimen, following Schwass et al. (2009). Calibration
and data collection were undertaken in Image) (Schneider
et al., 2012). Hounsfield unit (HU) is proportional to the degree of
x-ray attenuation by the tissue, which is displayed as greyscale values.
Grayscale values were recorded on each of the three phantoms using
3 mm diameter circular regions of interest (ROI's), with three positions
recorded every 10 slices (total of 10 slices; ROl n = 30). Scans were
then calibrated using the “calibrate” function in Imagel, in which the
mean grayscale reflects the known MC values for each disk

(i.e., creating a linear regression used to calibrate scans). After
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TABLE 1 A comparison of scanners, filters, and reconstruction
settings used in this study.

Scanning location Skyscan1172 SkyScan1275

Resolution Higher resolution  Lower
resolution

WUCT scanner model University of PRI, Japan

Otago

Isotropic voxel size (um) 15 44

Filter Al + Cu Cu 1l mm

Beam hardening correction 80 30

(%)

Ring artifact correction 15 10

Smoothing 5 3

Source voltage (kV) 100 100

Source current (UA) 100 100

Rotation step (deg) 0.2 0.2

Reconstruction angular range 360 360

(deg)

Abbreviations: PRI, Primate Research Institute; uCT, microcomputed
tomography.

Enamel

v oA W N R

Dentine Pulp

FIGURE 1 Schematic representation of slice positions for
collecting 20 region of interest (ROI) values per specimen. The shown
slice is through the mesial cusps (lingual to buccal), with ROI diameter
size approximately half the enamel thickness, using an average
between buccal and lingual locations for each slice. Note that the ROI
size was consistent within each slice but varied among the five slices
and across specimens.

calibration with the phantoms, buccal and lingual MC ROI locations
within the mesial cusps of molars were studied in each specimen.
These locations were chosen because they showed relatively con-
sistent values across a small sample of Catarrhini lower molars in a
recent study (Towle, Salem et al., 2023). Data were collected on five
slices of the lateral enamel (Figure 1). The five slices were spaced
approximately evenly from the top of the lateral enamel down to
where the enamel tapers to the cementum enamel junction (Figure 1).
Dentine readings were recorded on the same five slices. Each of the
five slices therefore had four ROI readings, two buccal and two lingual
locations (enamel and dentine). A circular ROI of varying diameter was
placed in the middle of the enamel area (halfway between the

enamel-dentine junction [EDJ] and the outer enamel surface). The
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o | vy

(a) =

Frequency

Frequency

size of the ROI varied across the five slices so it filled approximately
half the width of the enamel (Figure 1). This same ROI size was used
for dentine. The ROI was placed in the ‘middle’ of the dentine in each
slice, which means halfway between the EDJ and the pulp chamber
when present, and halfway to the middle of the tooth when not pre-
sent (Figure 1). This generates 10 enamel and 10 dentine ROI values
for each tooth, from which, an overall average for both dental tissues
were calculated. Areas close to the mesial/distal midpoint of the cusps
were selected, but locations mesial or distal to this were used if there
were obvious scanning artifacts in these regions.

2.3 | Statistical analysis
Statistical analysis was performed to evaluate variations among
tooth types and scanning settings. In all analyses, mean enamel and
dentine values for each specimen were used. To assess the distri-
bution of the samples, a Kolmogorov-Smirnov test of normality
was employed. When assessing variance using the average values
for enamel and dentine in each sample (n = 70 in each case), no
significant deviations from a normal distribution were observed
(Enamel:  D(70) = 0.06, p=0.923; D(70) = 0.10,
p = 0.402; Figure 2).

To test for differences between scanning methods and tooth

Dentine:

types, a Welch's t-test and independent-samples t-test were

FIGURE 2 Histograms showing
the distribution of molar mineral
concentration average values for
each sample for enamel (a) and
dentine (b).

TABLE 2 A lLevene's test was performed to calculate the
homogeneity of variances assumption for different subsamples. Bold
indicates significant variance.

Groups Enamel Dentine

Higher resolution and F(1,68) = 1.34, F(1,68) = 0.06,

lower resolution p=0.251 p = 0.805

Maxilla and mandible F(1,68) = 9.07, F(1,68) = 0.019,
p = 0.004 p =0.892

M1, M2, and M3 F(2,67) = 0.39, F(2,67) = 0.79,
p =0.677 p =0.458

performed. The comparisons involved unequal sample sizes and the
potential for unequal variances between the groups, and in some
cases, relatively small sample sizes. Given these considerations,
Welch's t-test was considered the most suitable choice. However, in
all but one of the comparisons (as determined by Levene's test; see
Table 2), the variances were reasonably equal. Therefore, we present
both the results of the independent-samples t-test (assuming equal
variances) and Welch's t-test (considering unequal variances) to pro-
vide a comprehensive analysis. There were no differences in results
between these two statistical approaches. A Pearson correlation coef-
ficient was employed to determine whether there was a statistically
significant correlation between enamel and dentine values across all
samples.
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2.4 | Phantomless calibration technique

To assess the practicality of the phantomless calibration method
employing dental tissues, an ad hoc analysis was conducted utilizing
the average enamel and dentine values obtained in this study. Bone
MC was measured in the 12 uCT scans that included entire mandibles.
In each scan, three discrete MC values were extracted, representing
the low, medium, and high MC ranges, for both the traditional phan-
tom and the new phantomless calibration methods. These three
values were established by identifying the approximate range of corti-
cal bone MC within two slices from two benchmark mandibles (see
Figure 6), defined as follows: low MC at 0.6 g/cm®, medium MC at
1.0 g/cm?®, and high MC at 1.4 g/cm®. Grayscale values correlating to
these MC standards were first obtained using the established
phantom-based calibration approach. Subsequent recalibration was
performed using the phantomless technique to derive MC values for

(a) 25

24

g/cm?

AMERICAN JOURNAL OF 50f13
BIOLOGICAL ANTHROPOLOGY J_
R WILEY

the identical grayscale indices. A mean value for all studied teeth
within each mandible was used to generate the mean dentine and
enamel values. The deviation between the two calibration techniques
was quantified for each MC category across the 12 mandibles.

3 | RESULTS

There was little variation in enamel or dentine MC across the 70 teeth
studied (dentine average value: 1.27 g/cm® + 0.03; enamel average
value 2.25 g/cm® + 0.03; Figure 3). The average dentine and enamel
values were also similar among maxillary and mandibular molars (max-
illary teeth, dentine: 1.27 g/cm3 + 0.04, enamel: 2.25 g/cm3 +0.02;
1.27 g/cm® + 0.03,
2.25 g/cm?® + 0.03); among first, second, and third molars (first molars,
dentine: 1.27 g/cm®+0.03, enamel: 2.24 g/cm® + 0.02; second

mandibular teeth, dentine: enamel:

ELER.

21
2 Lowerresolution Higher resolution Maxilla Mandible Firstmolars Second molars Third molars
( b) 15
14
FIGURE 3 Box and whisker
plots showing the variance in mineral T
concentration (g/cm?), split into 1.3
different subsamples for enamel "’E
(a) and dentine (b). Lower resolution L
refers to all Primate Research e _L
Institute (PRI) scanned samples, and 12
higher resolution the University of
Otago samples (see text for further
details). Sample sizes: lower
resolution (N = 45), higher resolution 1
(N = 25), maxilla (N = 21), mandible
(N = 49), first molars (N = 25),
second molars (N = 33), third
1 Lower resolution Higher resolution Maxilla Mandible Firstmolars Second molars Third molars

molars (N = 12).
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TABLE 3  Statistical comparisons utilizing independent-samples t-
test and Welch's t-test to evaluate differences among tooth types and
scanning methodologies.

Comparison Enamel Dentine
Independent-samples t-test
Higher resolution Vs. t(44,24) = 0.77, t(44,24) = 1.39,
lower resolution p =0.442 p =0.170
Maxilla Vs. mandible t(20,48) = 0.26, t(20,48) = —0.11,
p=0.796 p=0.912
M1 Vs. M2 t(24,32) = —1.05, t(24,32) = —1.52,
p = 0.300 p =0.135
M1 Vs. M3 t(24,11) = —-0.18, t(24,11) = —-0.14,
p = 0.855 p =0.887
M2 Vs. M3 t(32,11) = 0.59, t(32,11) = 0.94,
p = 0.560 p =0.351
Welch's t-test
Higher resolution Vs. t(42.4013) = 0.73, t(51.4283) = 1.40,
lower resolution p = 0.468 p =0.166
Maxilla versus t(63.1558) = 0.32, t(35.9648)
mandible p = 0.749 =-0.11,
p =0.915
M1 versus M2 t(55.2451) t(53.9917)
=-1.07, = —1.54,
p = 0.289 p =0.130
M1 versus M3 t(18.1053) t(17.2095)
=-0.17, =-0.13,
p = 0.866 p =0.899
M2 versus M3 t(18.7185) = 0.57,  t(16.751) = 0.86,
p=0.573 p = 0.402
1.40
1.35
) L Y °
£ ) - '-. b L oo
§°1Ju :. ...... ™ .8 .-. =
QEJ 125 ° ° * .h .'.o sl i
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FIGURE 4  Scatter plot of 70 mineral concentration (MC) values

(average for whole tooth) for enamel and dentine. A significant
relationship between enamel and dentine MC was found (r(68)
=0.476,p < 0.001).

molars, dentine: 1.28 g/cm® + 0.03, enamel: 2.25 g/cm® + 0.03; third
molars, dentine: 1.27 g/cm3 +0.04, enamel: 2.24 g/cm3 +0.03), and
between the different scanning methodologies (PRI scanner/settings:
dentine: 1.28 g/cm?® + 0.03, enamel: 2.25 g/cm® + 0.02; University of
Otago: dentine: 1.26 g/cm?® + 0.03, enamel: 2.24 g/cm® + 0.03). There
were no clear differences between males and females or between tax-
onomic groups, but due to uncertainty of the sex of many of the spec-
imens (see SOM), and limited sample sizes for some taxa, further

comparisons were not possible.

FIGURE 5 Microcomputed tomography (uLCT) scan calibrated

(in ImageJ) using the enamel and dentine average values (enamel:

2.25 g/cm®; dentine: 1.27 g/cm?®). Species: Simias concolor (PRI 1248).
Three slices of the same skull, approximate horizontal slices considering
the skull in upright vertical position, with anterior facing upward in all
cases. (a) Near the top of the skull, with the top of the supraorbital torus
visible; (b) approximately halfway through the scan, with various skull
bones visible; (c) maxilla, with bone, dentine and enamel visible.

The statistical analysis results show no significant differences
based on tooth type (first to third molars, maxilla/mandible) and
between scanning methodology (Table 3). Results of the Pearson cor-
relation coefficient indicated that there is a significant medium
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positive relationship between enamel and dentine readings (r(68)
= 0.476, p < 0.001; Figure 4). Figure 5 illustrates an example (speci-
men: Simias concolor: PRI 1248) to visualize a calibrated scan using the
average enamel and dentine values for all specimens combined for
calibration, showing bone MC within the expected ranges (i.e., <0.5 to
~1.5 g/cm?; Figure 5).

The ad hoc analysis conducted in this study used mean values
of enamel and dentine to assess the variation between the newly
developed phantomless calibration technique and the conventional

P:1.49 g/cm®
T:1.49 g/em?

P:0.97 g/cm?
T:0.98 g/cm?®

T \v ik |7

phantom-based method. Our examination of 12 mandibles indicated
that MC values derived using the phantomless technique align
closely with those obtained from the traditional method, as evi-
denced in Figures 6-8. Notably, variations in MC across low,
medium, and high categories remained under the 0.05 g/cm?® thresh-
old when compared with phantom-based values, achieving 81% and
94% accuracy within the more stringent limits of 0.03 and
0.04 g/cm®, respectively. We observed an increased disparity in
regions with lower bone MC (Figure 8), consistent with their greater

P:1.36 g/c
T:1.36 g/cm®

2 g/em?
1g/em?

FIGURE 6 Microcomputed tomography slice of two baboon mandibles, showing the difference in mineral concentration values for the same
locations using two different calibration methods, P: conventional phantom calibration; T: dental tissue calibration. (a) PRI 1217; (b) PRI 11588.
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FIGURE 7  Scatter plot highlighting the comparison of mineral concentration (MC) values across the 12 mandibles studied. Each point

represents an individual MC estimate, with separate markers indicating low (circles), medium (squares), and high (triangles) MC categories (see
text for details). The plot illustrates the distribution of MC values derived from the new “phantomless” calibration technique in relation to the

values obtained from conventional phantom-based calibration.
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distance from the MC of the calibration materials adopted here

(enamel and dentine).

4 | DISCUSSION

The results of this study support the view that enamel and dentine
have uniform MC values across molar types and primate species when
specific ROI locations on the lateral positions of the mesial cusps are
recorded. No significant differences were observed between scanner
types, resolution, and filter settings. Furthermore, there were no dis-
cernible differences among tooth types sampled (including upper and
lower first to third molars), taxonomic groups, or sample preservation
(modern and archeological), indicating the reliability and robustness of
these values. Therefore, by following strict data collection methodol-
ogy, dental tissues from molars yield MC values within a narrow
range, with a standard deviation of 0.03 g/cm?® for both enamel and
dentine. An analysis of MC in the 12 mandibles in the present study
found consistency between values obtained from conventional phan-
tom methods and the new “phantomless” calibration technique. Dif-
ferences across a range of MC values remained under 0.05 g/cm?,
with 81% of readings showing less than 0.03 g/cm® difference
between the two techniques. Therefore, an enamel value of
2.25 g/cm® and a dentine value of 1.27 g/cm® can serve as reliable
data points for calibrating puCT scans for bone research (i.e., phantom-
equivalent measurements of MC).

The variation in MC in the phantoms used here may be even less
than found in the tooth positions in the present study (i.e., standard
deviation of 0.01 g/cm? for phantoms vs. 0.03 g/cm® for dental tis-
sue; this study; Schwass et al., 2009). However, both methods show
low variation, including compared with other tooth crown locations
(e.g., when all locations are combined in (Towle, Salem et al., 2023)
the standard deviation was 0.08 g/cm® for dentine and 0.11 g/cm®
for enamel), and even more so compared to bone (i.e., ranging from
under 0.5 g/cm® to over 1.5 g/cm® even within individual bone ele-
ments; Figures 5, 6, 9). Moreover, the standard deviation of

MC (g/cm?3) difference between methods
=}
o
-

|
o
=]
=

|
°
o
o

0.03 g/cm3 in this study incorporates the phantoms' variance, since
they were used for the initial calibration. This suggests that the actual
variance in the proposed phantomless calibration method is likely
lower than the reported value of 0.03 g/cm?, and perhaps closer to
the variance observed in the phantoms.

Multiple types of software and methodologies can effectively
implement this calibration approach. In this section, we illustrate the
method using ImageJ (Schneider et al., 2012), but other software can
be equally applicable. To calibrate pCT scans using this phantomless
calibration method, the same procedural steps as outlined in the
Materials and Methods section were followed, however, instead of
recording 20 ROI MC values from calibrated scans, grayscale values
are recorded (as depicted in Figure 9a). It is critical to adhere to the
specified ROI locations detailed above, in the lateral buccal and lingual
areas within the mesial cusps, as MC values may fluctuate significantly
in other crown regions (Towle, Salem et al., 2023). From the 20 ROI
values, an average grayscale value for both dentine and enamel is then
calculated. Subsequently, scans can be calibrated using the “calibrate”
function within ImageJ. In this process, the mean grayscale values of
enamel and dentine are placed in the left-hand column, and 2.25 and
1.27 placed in the right-hand column (Figure 9b). Once this calibration
step is completed, the scan will be prepared for the collection of MC
data of bone (ROI examples provided in Figure 9c).

Creating reliable phantoms for CT analysis of osteological and
archeological skeletal material is a complex task. It involves developing
materials with density and MC similar to bone and dental tissue,
graded from low to high (Loch et al., 2018; Schwass et al., 2009;
Srirangapatanam et al., 2022). Typically, this requires the creation of
two to five density standards to scan alongside samples. The choice
of methodologies and materials used can influence results. The pri-
mary parameter examined is x-ray absorption, quantified as the atten-
uation coefficient in units of 1/distance (mm~2). This coefficient is
influenced by both mass density and elemental composition. Ideally,
these standards should match the MC range of the material under
study and have a similar composition. In the context of bone, dentine,
and enamel, it is assumed that x-ray attenuation is determined by

FIGURE 8 Box plot outlining the
deviations in mineral concentration
(MC) values between the phantom-
based and “phantomless” calibration
methods for the same set of

12 mandibles. The boxes represent
the interquartile ranges (IQR) for low
(cyan), medium (orange), and high
(green) MC categories, with the
central line marking the median
deviation. Whiskers extend to the
furthest data points within 1.5 times
the IQR from the box. No outliers

Tow MC Medium MC

High MC were identified.
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calcium hydroxyapatite (Cas(PO4)3(OH)). Therefore, our methodolo-
gies are only suitable for materials composed of calcium hydroxyapa-
tite. Furthermore, although enamel tends to have higher MC values
than bone, dentine falls within the range of bone values (e.g., see Fig-
ures 5 and 6). Dental tissue therefore serves as ideal “natural” calibra-
tion materials for studying bone.

The results of our study closely mirror those of comparable inves-
tigations, especially in terms of dentine and enamel measurements
(He et al., 2010; He et al., 2011; Song et al., 2017; Srirangapatanam
et al., 2022; Towle, Salem et al., 2023). Nevertheless, direct compari-
sons are constrained due to variations in data collection locations and
protocols. In a broader context, mineralization values for non-
pathological dental tissues exhibit variability across diverse tech-
niques, emphasizing the need for caution when comparing findings
from different methodologies (Clementino-Luedemann &
Kunzelmann, 2006; Davis & Wong, 1996; Djomehri et al., 2015;
Srirangapatanam et al., 2022). Tooth preservation is critical, particu-
larly when teeth are scanned “wet” (e.g., immediately after extraction
or stored in liquid). While the minimal non-mineral content of dental
tissue should not greatly affect MC values, variations in tissue sur-
roundings can influence results (e.g., the scanning medium, such as
water, saline, ethanol, or air (Bouxsein et al., 2010)). This was corrobo-
rated by a study on rats (Akbulut et al., 2020), where MC decreased
slightly over time. Kazakia et al. (2008) found that mineralization mea-
sures obtained from pCT scans, while slightly underestimated,
strongly correlate with other techniques such as synchrotron radiation
uCT and gravimetric methods. Therefore, although the values

WILEY-| 2%
generated from our calibration technique (and other studies using
phantoms) may be slightly lower than values obtained from other,
non-CT techniques, the results are reliable for studying natural and
pathological variations in MC.

A major limitation of this calibration method is that the bone
specimen being scanned will typically need to include the dentition.
As a result, this method may mainly be applicable to craniofacial
research. However, in some cases, an associated extracted or loose
molar could be used alongside bone samples, or for batch calibration,
making this method potentially more broadly applicable in specific cir-
cumstances. Additionally, this technique could also be used to cali-
brate scans lacking dental tissue by utilizing comparable scans that do
include teeth, assuming both were performed under consistent condi-
tions. These conditions include using the same scanner and scanning
settings, and that the scans have been performed within a similar
timeframe. This approach mirrors routine internal calibration practices
seen in clinical CT settings, in which grayscale values produced across
scans are comparable if the above criterion is followed. Therefore, if a
scan containing teeth is calibrated, other similar “toothless” scans can
potentially utilize the same calibration values. This new method could
enable historical uCT data to be reevaluated, enhancing the scope and
applicability of existing uCT datasets for exploring bone pathologies,
conducting structural analyses, and studying physical properties in
osteological collections.

In this study, we observed minimal variation in MC values among
samples and tooth types; however, a significant relationship was
found between enamel and dentine across the samples. This suggests

B s Calibrate.
Function [Sna|gmune L]
Unit  [g/em®
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v Show plot
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FIGURE 9 A simplified representation of how bone mineral concentration (MC) values can be collected using the calibration method outlined
in this study: (a) collect two enamel and dentine region of interest (ROI) grayscale values, one on the buccal side of the lateral mesial cusps and
the other on the lingual side (then repeat for an additional four slices). (b) From these 10 enamel and 10 dentine values, calculate the mean
grayscale value for each. Then click Analyze/Calibrate in ImagelJ, and put the average mean grayscale value for enamel and dentine in the left
column (generated by the average ROI values), and the known MC values from the present study (enamel value: 2.25 g/cm3; dentine value:

1.27 g/cm®) in the right column. Select straight line “Function” and select “Global calibration.” Click OK and the scan is now calibrated for g/cm®.
(c) a ROI can now be selected in bone to give an average MC for that area (three examples shown). Specimen: Macaca fascicularis (PRI 280).
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that specimens with higher enamel values have higher dentine read-
ings. While this might imply small genuine differences in MC across
samples, this seems improbable given the absence of significant dis-
tinctions among tooth types or specimens. Instead, this relationship is
more likely attributed to minor scanning effects. Considering the nar-
row range of MC values across the samples, even minor scanning arti-
facts could result in slight increases or decreases in the recorded MC
values, affecting both enamel and dentine similarly (e.g., due to ring
artifacts and beam hardening). This reinforces the notion that MC var-
iation in these tooth positions, spanning various tooth types, wear
stages, and species, is generally low to the extent that very minor
scanning effects (e.g., changes <0.05 mm°) are discernible in the data.
Nonetheless, it underscores the importance of monitoring such fac-
tors, particularly when scans indicate severe scanning artifacts.

The calibration method proposed here relies solely on two data
points—one from enamel and one from dentine. Consequently, even
minor deviations can exert a more pronounced influence on the cali-
bration. In addition to excluding teeth that exhibit extensive scanning
effects (such as ring artifacts or inadequately corrected beam harden-
ing), it is vital to refrain from selecting teeth with pathologies, hypo or
hyper mineralization, and to adhere to the specific positions outlined
here. It is also advisable to avoid teeth displaying enamel defects or
significant discoloration, as these may be linked to hypomineralization
(Davis & Wong, 1996; Hattab et al., 1999; Kammoun et al., 2019).
Towle, Salem et al., (2023) highlighted subtle yet meaningful distinc-
tions among specific crown positions, including cusps having higher
values than lateral positions. Similar investigations have unveiled vari-
ations in MC, structure, and mechanical properties across tooth
crowns, encompassing small-scale variations within enamel and more
extensive differences between crown locations (e.g., Angker
et al., 2004; Campbell et al, 2012; Cuy et al, 2002; Darnell
et al.,, 2010; Huang et al., 2010; Mahoney et al., 2004; Towle, Loho
et al., 2023). Hence, adopting a random approach when selecting ROls
from various crown locations for calibration may increase the risk of
errors being introduced.

Different scanning settings and protocols can significantly impact
density results, and the elimination of disparities between scanners
remains challenging (Bart & Wallace, 2013). While our study did not
uncover significant differences between scanner types, filters, resolu-
tion, and sample size, it is apparent that such disparities could be
observed under different conditions. In this study, the use of com-
monly employed filters and scanning settings was slightly modified for
the two scanners to enhance scan quality (e.g, to minimize
scanning artifacts). Although different filters were used between scan-
ners, they likely served similar purpose. In the absence of filters or
without appropriate beam-hardening/ring artifact correction, signifi-
cant differences among samples would likely emerge. Hence, it is
imperative to implement appropriate scanning and reconstruction set-
tings based on individual scanners and specimens when using the
phantomless calibration technique.

Maintaining consistency in methods, such as the standardization
of settings and filters (e.g., Free et al., 2018), is also essential to limit

biases in results. Scan quality can vary widely in uCT scans, especially

in relation to “noise” produced. This can be linked to the age of the
scanner and artifacts such as debris in the chamber, or in association
with different filters and settings used. When scans are affected by
artifacts and noise, the methods outlined here may not be suitable.
This is particularly pertinent in paleopathology studies, where the
focus is often on the MC variation within a particular ROl in the same
individual. Researchers should exercise caution when comparing uCT
scans from different machines, with different settings, and varying
noise levels. In particular, small differences in MC between individuals
or populations may not reflect genuine variation in the samples, but
rather differences in scanners, scan settings and artifact levels.

It is also important to record multiple ROI per tooth, as was done
here (10 enamel and 10 dentine readings). Although the mean MC
value for each tooth studied was similar, individual ROl can vary
within a single tooth. For examle, the highest and lowest enamel ROI
readings for individual teeth typically varied by 0.1-0.2 mm?, and in
some cases by a greater difference. This variation is related to genuine
differences in MC (e.g., differences among buccal and lingual loca-
tions), but also to small variations in noise and artifacts produced
among scans. Recording multiple ROl is therefore crucial and can min-
imize these effects.

On a larger scale, MC values obtained can be influenced not only
by the reconstruction settings adopted but also by the specimen's
placement within the chamber and its orientation (Entezari
et al., 2012). In our current study, all specimens were positioned in the
center of the chamber and with the same vertical orientation. It is cru-
cial to keep this positioning in mind when applying the calibration
techniques proposed here. As with other studies employing phantom-
less calibration, it is also essential to account for changes in the tissues
over time. For example, skeletal muscle, as suggested by Bartenschla-
ger et al. (2022), may not be the ideal choice for phantomless calibra-
tion due to age-related variations such as fatty infiltration in older
individuals. This concern can extend to teeth, where both enamel and
dentine can undergo MC changes during an individual's lifetime. Den-
tine has greater variability in MC and mechanical properties over time.
New dentine formation gradually occurs throughout an individual's life
(as secondary dentine) or in response to factors such as caries or
extensive tooth wear (as tertiary dentine (Dean, 2017; Ricucci
et al., 2014; Rutherford et al., 1995; Towle, 2019)). Enamel properties
also vary during an individual's lifetime (e.g., Park et al., 2008). To
address these variations, our methodology draws insights from exist-
ing literature. This involves excluding inner and outer locations in
enamel, and dentine near the pulp chamber and EDJ. Additionally,
excluding substantially worn teeth minimizes age-related changes.

The suitability of MC recording in different bone types depends
on the scan resolution. For instance, a voxel size of approximately
10 um is advisable for examining diaphyseal cortical bone in mice, but
falls short for scrutinizing individual trabeculae or the thin cortex in
metaphyseal regions (Bouxsein et al., 2010). However, in larger ani-
mals, Bouxsein et al. (2010) suggest that MC (referred to as TMD in
their study) measurements within trabecular bone might be achiev-
able, provided there are at least three voxels within the trabeculae.

This approach is applicable to many skeletal locations in primates, but
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often requires higher resolution (isotropic voxel size) scans. Neverthe-
less, MC measurements of cortical bone in primates tend to be
straightforward for most individuals and species, even with lower uCT
voxel sizes. Achieving a balance between scanning resolution and scan
time is a consideration dependent on the objectives of the study in
question.

It is also worth noting that this technique can be used in samples
from a range of time periods, from modern materials, through recent
archeological collections (last few hundred years; e.g., Basco), to much
older samples (thousands of years old; e.g., Con co Co Nngua). This
calibration method could also prove useful in clinical and laboratory
research, although further research is required to understand MC vari-
ability in enamel and dentine in posterior teeth of other mammals, and
in a larger sample of extracted human teeth (Akbulut et al., 2020;
Chugh et al., 2013). Common applications encompass both in vivo
imaging of small animals and ex vivo scanning of tissues, with diverse
uses including the study of disease, organ structure, and drug treat-
ments (Bart & Wallace, 2013; Guldberg et al, 2003; Pasetto
et al., 2018; Ritman, 2004). Further research is required to assess the
suitability of using similar dental calibration methods in other taxo-
nomic groups.

5 | CONCLUSION

This study demonstrates the feasibility of using dental tissue, specifi-
cally enamel and dentine, as an internal calibration reference material
for uCT scans, enabling the assessment of bone MC without the need
for conventional density phantoms. Enamel and dentine MC values
have minimal variation across primate species, scanner types, resolu-
tion, and filters used in lateral positions of mesial molar cusps. This
phantomless calibration technique offers a valuable tool for the inves-
tigation of bone pathology and the analysis of density variations in
osteological, archeological, and potentially veterinary/laboratory
research contexts. The ease of implementation of this method and
consistency across samples makes it a practical alternative to conven-
tional phantom-based calibration, with potential applications to other
research fields. However, data collection criteria need to be consistent
and consider factors such as tooth wear and changes in dental tissue
composition over time. Additionally, the suitability of MC recording in
different bone types and specific regions depends on scan resolution,
and careful consideration of scanning settings is necessary for each
study. Despite these limitations, this study offers a valuable new
approach for enhancing bone data that can be collected from uCT

scans.
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