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Abstract

Archaeological investigation of the dentoalveolar complex in situ within a human skull

requires detailed measurements using non-invasive techniques. Standard macroscopic

and radiographic methods have limitations but large volume micro-computed tomogra-

phy (LV micro-CT) scanning has the potential to acquire data at high resolution in

microns. In this study, archaeological specimens are analyzed using three-dimensional

data visualization software from LV micro-CT scans with the aims of (1) determining

whether LV micro-CT can act as a single technique to provide detailed analysis of the

dentoalveolar complex and (2) how findings from the LV micro-CT technique compare

with standard methods. These aims are explored by measuring a range of human skull

specimens from a rare archaeological sample requiring non-invasive methods, for multi-

ple dental and alveolar bone health categories. The LV micro-CT technique was the

only method to provide a full range of detailed measurements across all categories

studied. A combination of macroscopic and radiographic techniques covered a number

of categories, but the use of multiple methods was more time consuming, did not

provide the same level of accuracy, and did not include all measurements. There were

high levels of reproducibility for intra-operator scoring and good inter-operator agree-

ment from four operators with one operator whose results were outliers. As a further

investigation of the potential of the LV micro-CT technique, an additional individual, a

fragile, fragmented skull of an infant was studied. This investigation confirms the value

of LV micro-CT scanning as a non-invasive, accurate, single technique for the extensive

analysis of the dentoalveolar complex within archaeological skulls, which also allows

the relationship of different tissues to be studied in situ.
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1 | INTRODUCTION

Archaeological investigation of the dentoalveolar complex in human

skull samples requires detailed measurements and analysis using non-

invasive techniques. Standard methods commonly used for the analysis

of dentitions, which remain in situ in the alveolar bone of human

archaeological skulls, include visual macroscopic and radiographic exam-

inations. These methods have limitations. Macroscopic examinations

can only provide data for the external surfaces of the teeth and jaws,

whereas dental radiographs can provide data for both the external and

internal structures, but the images provided are only a two-dimensional

(2D) slice of the specimen and the resolution is limited. Histological

analysis can provide detailed information on the internal structures of a

tooth and the bone, but this method is destructive and cannot examine

the structures of the dentoalveolar complex as a whole. For many

archaeological samples destructive analysis is not an option.

The “large volume” micro-computed tomography (LV micro-CT)

scanner has the potential to provide high-resolution datasets of all

structures scanned and can accommodate larger specimens such as a

human skull. Other types of CT scanners such as the cone-beam CT

(CBCT) scanner (Anderson et al., 2014; Lozano et al., 2022) and/or

medical CT scanner (Anderson et al., 2014; Smilg, 2017) could also

accommodate such samples and have been used in many investiga-

tions. However, an important distinction between the LV micro-CT

scanner and these CT systems is the thickness of the scan slices. The

CBCT and the medical CT scanners produce scan slices measured in

millimeters (mm) (Minnema et al., 2018; Pour et al., 2016), whereas

the LV micro-CT scanners have a slice thickness in microns (μm)

(Orhan, 2020; Orhan & Büyüksungur, 2019). The difference in scan

slice thickness is important when investigating small changes in struc-

tures, for example, details of a dental defect could be overlooked

when analysing images of scan slices which are in millimeters rather

than in microns.

The LV micro-CT scanning system also produces an isotropic vol-

umetric data set (Litzlbauer et al., 2006; Orhan, 2020; Orhan &

Büyüksungur, 2019). This means that the voxels in the data set have

the same resolution on all three planes, like a cube (i.e., X = width,

Y = height, Z = depth/slice thickness). The three-dimensional

(3D) images produced from a reconstructed LV micro-CT scan data

set could be viewed in any orientation, and the quality of the image

remains the same. Medical CT scanners use a different resolution

(voxel size) on the Z plane (slice thickness) than for the X and Y planes

(Minnema et al., 2018, p 133 – Table 1). The difference in the voxel

size for the Z plane decreases the quality of the image when viewed

in the X–Z or Y–Z planes and affects the accuracy of data collection

and analysis.

The LV micro-CT scanning system has been used in research for

oral surgery (Beetge et al., 2018; Stan et al., 2019; Theye et al., 2018),

biomedical (Grace et al., 2022; Kusins et al., 2019; Wearne

et al., 2022) and medical research (Hutchinson et al., 2016; Kramer

et al., 2019; Main et al., 2021; Smit et al., 2020; Tan et al., 2022;

Welsh et al., 2020), paleontology (Clement et al., 2021), and forensic

investigations (Alsop et al., 2022, Braun et al., 2022, Nikolova

et al., 2019, Rutty et al., 2012). The non-invasive nature of this type

of micro-CT scanner, as well as its technical capabilities, suggests that

it could be of great value for the investigation of rare, delicate, and

valuable archaeological human remains.

Computer software used with LV micro-CT scan data sets is capa-

ble of producing high-resolution 3D images of a specimen. The infor-

mation gained from detailed measurements and analysis of such

images could increase the understanding of the impact of dental and

oral health on the general health of an individual as well as provide

data on the prevalence of craniofacial conditions in past populations.

For example, there is evidence that in cases of hypodontia not only

are the formed teeth and the dental arches affected but also the cra-

niofacial complex (Kerekes-Mathe et al., 2015; Patel et al., 2018).

TABLE 1 The five individuals selected from St Mary's cemetery archaeological sample to be large volume (LV) micro-CT scanned, with age
range, sex, and the number of teeth and tooth type in situ within the dentoalveolar complexes.

St

Mary's

ID

Dental age range

(years) aLondon

Atlas (AlQahtani

et al., 2010)

Skeletal

assessment age

range (years)

(Anson, 2004) Sex

Total

number of

teeth in-situ

in the skull

Type of

dentition:

permanent

or primary

Maxilla/right

tooth types

with FDI

number

Maxilla/left

tooth types

with FDI

number

Mandible/

left tooth

types with

FDI number

Mandible/

right tooth

types with

FDI number

SMB

82

1–1.5 (±3 months) 0–2 U 8 Primary 51, 52 61, 62 71, 74 81, 84

SMB

04A

3.5–4.5 (

±3 months)

2–4 U 19 Primary 51, 52, 53,

54, 55

61, 62, 63,

64

71, 72, 73,

74, 75

81, 82, 83,

84, 85

SMB

52B

11–12 (±1 year) 8–12 U 26 Permanent

and

primary

11, 12, 13,

14, 15, 16,

17

21, 23, 24,

25, 26, 27

31, 32, 33,

34, 75, 36,

37

41, 42, 43,

44, 85, 46,

47

SMB

66B

Over 23.5 30–39 F 17 Permanent 12, 14, 15,

17

21, 22, 23,

27

31, 32, 33,

34

41, 42, 43,

44, 45

SMB

73

Over 23.5 30–39 M 19 Permanent 11, 12, 13,

16

21, 22, 23,

24, 28

31, 32, 33,

34, 35

41, 42, 43,

44, 45

Total number of teeth LV micro-CT scanned 89

Sex: U = undetermined sex, F = female, M = male. Cent. = central; Lat. = lateral.
aThe London Atlas of Human Tooth Development and Eruption.
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The teeth and dental arches are complex adaptive systems

(Brook, 2009; Brook et al., 2014; Brook et al., 2016), and for both fun-

damental studies and clinical applications, systemic interactions during

development and mature functioning are important (Brook and

Brook & O'Donnell, 2022). Therefore, the dentoalveolar complex

needs to be studied as a whole. In previous studies, only specific indi-

vidual components have been investigated for clinical purposes

(Appleby et al., 2015; Beetge et al., 2017; Stan et al., 2019). The struc-

tures of the dentoalveolar complex arise from complex interactions

between the tissues during development. Therefore, it is important

and beneficial to study 3D digital images compared with 2D images so

that all the structures and tissues of the dentoalveolar complex, in

their relationship to one another, can be analysed in detail for normal

and pathological changes because of development and disease.

Macroscopic and/or plain radiographic methods have been the

standard techniques used in many investigations for the analysis of

dentitions and their associated alveolar bone tissues, and/or the anal-

ysis of human skulls from an archaeological context (Brook &

Smith, 2006; D'Ortenzio, Kahlon, et al., 2018; Heuck Henriksson

et al., 2019; Manzi et al., 1999; Willmann et al., 2018). Archaeological

investigations that have used an LV micro-CT scanner (Fraberger

et al., 2021; Lacy et al., 2012; Trinkaus et al., 2021) did not focus on

the in situ dentitions or the dentoalveolar complex.

This study aims to investigate (1) whether LV micro-CT can act as

a single technique to provide a detailed analysis of these structures

and (2) how findings from the LV micro-CT technique compare with

standard methods. These aims will be explored by measuring a range

of delicate human skull specimens from a rare archaeological sample,

for multiple dental and alveolar bone health categories, and comparing

these findings to standard methods. As a further test of the LV micro-

CT technique, a sixth individual was scanned; the fragile, fragmented

skull of an infant was chosen to investigate the potential of this

method to provide data that cannot be obtained using standard

methods.

2 | MATERIALS AND METHODS

2.1 | Materials – The archaeological sample

There is a scarcity of skeletal collections available for research in

Australia. The recentness of colonial-era burials and a lack of necessity

to move or re-use burial sites means very few 19th-century European

settler cemeteries have been excavated. This makes the St Mary's

Anglican Church Cemetery sample a rarity. The individuals in this sam-

ple were interred between 1847 and 1927, in an area of the cemetery

that had been set aside for burials paid for by the South Australian

Government. These burials were not marked with gravestone memo-

rials and were located at the rear of the church building. Further back-

ground information, historical context, and findings from the

macroscopic skeletal analysis of the St Mary's sample have been pub-

lished (Anson, 2004; Gurr, Brook, et al., 2022; Gurr, Kumaratilake,

et al., 2022), including the methods used for the estimation of age

range and determination of sex. The excavated individuals are identi-

fied with a site code and context number (e.g., St Mary's Burial/

number 73 = SMB 73) (Anson, 2004).

This study is fundamental to the next stage of investigations of

this rare historic South Australian sample, which is the detailed exami-

nation of the dentoalveolar complex of all 70 individuals. Therefore,

to determine the optimum methods of investigation, the well-

preserved skulls of five individuals (infant SMB 82, subadults SMB 4A

and SMB 52B, and adults SMB 66B and SMB 73), (Table 1), with den-

titions in situ in the dentoalveolar complex, were selected to (i) cover

a probable range of ages and sexes in archaeological samples,

(ii) cover the change in relationships with the dentoalveolar/

craniofacial complex at different ages during development and their

interactions and (iii) cover a range of specimen sizes (Supplementary

Table S1). The range of ages, sex, and sizes of the five selected skulls

is important to investigate the resolution that could be achieved using

the LV micro-CT method and the differences in the density of the

teeth and/or alveolar bone tissues at different stages of development.

The fragile, fragmented skull of the infant, SMB 58, estimated

dental age range = 1–1.5 years (±3 months) applying the London

Atlas (AlQahtani et al., 2010), was selected to test the value of the

non-invasive, high-resolution capabilities of the LV micro-CT scanning

system.

2.1.1 | The archaeological sample – dentitions

Information for the five individuals, selected for the methodology

comparison, including age range, sex, tooth type, and the number of

teeth (total N = 89) which remained in situ, is presented in Table 1.

The Fédération Dentaire Internationale (FDI) – World Dental Federa-

tion notation system was used in this study to accurately record and

distinguish between permanent and primary teeth.

2.1.2 | The archaeological sample – ethics

St Mary's Anglican Church Parish requested the excavation of the free

ground section of the cemetery as they wished to re-use the area and

approved the study of the skeletal remains. Flinders University Social

and Behavioural Research Ethics Committee approved the research

(SBREC project number 8169). Destructive analysis was not permitted

for the investigation of the sample as they are of a rare historical

nature.

2.2 | Methods

2.2.1 | Comparative methods used

The LV micro-CT scanning system, macroscopic, and standard radio-

graphs were used for the analysis of the dentoalveolar complex in situ

in the selected archaeological human skulls.
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2.2.2 | Large volume micro-CT

The dentoalveolar complex was scanned using the Nikon XT H

225 ST cabinet Micro-CT scanning system (Nikon Metrology, 2021) at

Flinders University (Clement et al., 2021; Wearne et al., 2022). The

skull, the cranium without the mandible, and the mandible alone were

scanned to investigate the achievable resolution of each specimen

(Supplementary Table S2), as the spatial resolution (pixel/voxel size)

selected for each scan was relative to the size of the specimen. In

addition, it was important to investigate whether the positioning of

the opposing maxillary and mandibular teeth within the skull, during

the scanning process, could affect the analysis of the occlusal surfaces

of these teeth. In choosing the scanning settings, the transmitted sig-

nal intensity and source power settings were considered according to

guidelines (du Plessis et al., 2017; Wearne et al., 2022).

The skulls, of adult SMB 73 (Figure 1a) and subadult SMB 52B,

were scanned at projection images 4056 � 4056 pixels in size, corre-

sponding to a field of view of 243 � 243 mm, width � height, at

60 μm isotropic pixel size. Full details of the parameters used (X-ray

source voltage [kV], source current [μA], source power [W], filter type

and thickness [mm], X-ray projections, rotation step, and exposure

time in seconds) for all of the LV micro-CT scans can be found in Sup-

plementary Table S2.

The cranium with the maxilla of adult SMB 66B, subadult SMB

4A, and infants SMB 82 and SMB 58 were scanned without the man-

dible present. These scans were performed with the same X-ray

source settings and rotation step as the skulls, as shown in Supple-

mentary Table S2, but at 50 μm/pixel (for adult SMB 66B), 55 μm/

pixel (subadult SMB 4A), 40 μm/pixel (infant SMB 82), and 35 μm/

pixel (infant SMB 58), corresponding to a field of view of 202 � 202,

223 � 223, 162 � 162, and 142 � 142 mm, respectively, adapting

(minimizing) the pixel size according to the specimen size. The total

acquisition time was 1 hour and 10 minutes per scan.

The mandible (Figure 1b, c), of the six individuals, was scanned

separately from the associated cranium. For further details of the scan

parameters, see Supplementary Table S2. Projection images were

4056 � 4056 pixels in size, corresponding to a field of view of

81 � 81 mm at 20 μm/pixel (for SMB 4A), 89 � 89 mm at 22 μm/

pixel (SMB 52B), 53 � 53 mm at 13 μm/pixel (SMB 73 and SMB

66B), 73 � 73 mm at 18 μm/pixel (for SMB 82), or 85 � 85 mm at

21 μm/pixel (for SMB 58; source current 95 μA, [18 W]). The total

acquisition time was 1 hour and 40 minutes per scan. The mandible,

being smaller than the entire skull or the cranium, allows higher-

resolution scanning.

2.2.3 | LV micro-CT – post processing computer
software

Axial cross-section images were reconstructed using CTPro3D soft-

ware (Nikon Metrology, 2021) and saved as 8-bit bitmap images

(256 gray levels, 0 = air, 255 = enamel). Avizo 9 (ThermoFisher

Scientific, 2019) data visualization software was used for image analy-

sis of the reconstructed scan data sets. The size of a high-resolution

micro-CT scan requires a computer that has the capacity to process

and navigate the reconstructed 3D volumetric data sets. Hardware

constraints can sometimes require the micro-CT scan data sets to be

reduced in size by one half (reading every second slice of the scan) or

by one quarter (reading every fourth slice of the scan). For example,

the original LV micro-CT scan data set size for the adult human skull

F IGURE 1 Large Volume Micro-CT.
Skull SMB73 – adult male (skeletal age
range 30–39 years). (a) (from left to right)
X-ray source, rotation stage with the skull
on polystyrene foam, (center), flat panel
X-ray detector behind the skull. The skull
in position before scanning using the
Nikon XH T 225 ST cabinet system
(Nikon Metrology, 2021). (b) Mandible

only of adult SMB 73. (c) Mandible of
SMB 66B – adult female (skeletal age
range 30–39 years). Figure 1b, c is
showing the position of the mandible
with in situ dentition before scanning. ©
Angela Gurr. [Colour figure can be
viewed at wileyonlinelibrary.com]
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of SMB 73 was 33 GB at 60 μm/pixel, and this could be reduced to

533 MB at 240 μm/pixel. The scan data set for the mandible of SMB

73 was originally 42.7 GB at 13 μm/pixel but could be reduced to

658 MB at 52 μm/pixel. The ability to change the size of the micro-

CT scan data sets offers many benefits including the option to con-

duct an initial analysis, similar to triaging to identify the presence of

pathology using the quarter or half sized scan data sets and then use

the full-sized scan data sets for a more in-depth examination. To

increase loading and analysis speed for this investigation, the scan

data sets were reduced in size (Perilli et al., 2012).

2.2.4 | Standard methods

Macroscopic examination

Visual examination of the in situ dentoalveolar complex was con-

ducted in a dry laboratory with the aid of a table magnification glass

and enhanced lighting.

Standard radiographic methods

Intraoral periapical and bitewing radiographs were taken using Plan-

meca X-ray equipment (Planmeca, 2022), with Phosphor Storage

Plates (PSP) as the detectors. Exposure settings were as follows: Tube

voltage:70 kV; Tube current: 6 mA, with an exposure time of 0.32 s.

Extraoral radiographs of the dentoalveolar complex of each individ-

ual's skull were taken, using orthopantomogram (OPG) X-ray equip-

ment to rotate around the maxilla and mandibular area. The X-ray

source used was a Kavo Pan eXam Plus (KaVo Dental GmbH, nd). The

tube type for this equipment was stationary anode; 65 kV; Tube cur-

rent: 15 mA, with an exposure time of up to 16.4 s.

2.2.5 | Scoring systems and identification criteria

The dentoalveolar complexes were analysed for the following dental

and alveolar bone health categories: (i) dental inventory, (ii) category

of tooth wear, (iii) evidence of dental trauma, (iv) class of occlusion,

(v) presence of caries, including the category of radiolucency,

(vi) grade of alveolar bone status, (vii) evidence of periodontal disease

(i.e., measurement of horizontal bone loss), (viii) presence of enamel

hypoplastic (EH) defects, (ix) presence of areas of interglobular den-

tine (IGD), and (x) an estimation of dental age range (Table 2).

Enamel opacities were not recorded as enamel hypo-

mineralization defects are difficult to distinguish from areas of staining

on the tooth caused by the post-mortem environment and/or tapho-

nomic alterations which could cause variations in the mineralization

density of the dental enamel (Efremov, 1940; Garot et al., 2017; Garot

et al., 2019). The criteria used for the identification and scoring of the

above dental and alveolar tissue health categories are presented in

Table 2.

Crania and mandibles were radiographed separately. For that rea-

son, information about occlusion is not available from radiographs and

only severe cases of EH defects (EH) and/or IGD can be identified on

radiographs; therefore, these categories were not assessed using this

modality.

The bone density level of the teeth, the skull/cranium, and of the

mandible of each individual was determined by applying a threshold

level to the reconstructed scan data sets using the Avizo 9 software

(ThermoFisher Scientific, 2019). This digital information was stored as

an Avizo “project” (Figure 2a1, a2). These projects were used for the

scoring of the oral health categories, using the post-processing soft-

ware, as they provide a consistent and reliable platform for repeated

measurements. Digitally reconstructed radiographs (DRR) (Figure 2b1,

b2), together with the “clipping” tool, were used to remove a quadrant

of the jaw (Figure 2c1, c2), in order to examine all the surfaces of the

dentition during 3D image analysis.

2.2.6 | Validity of the scoring system of dental and
alveolar bone tissue health categories

Five operators, either academic staff or postgraduate students in Bio-

logical Anthropology and/or Archaeology, were trained and calibrated

before they scored the dental and alveolar bone tissue health catego-

ries independently 2 weeks after the training session (Table 2). The

principal operator (AG) scored the categories for the in situ dentitions,

alveolar bone tissues, and individual loose teeth not in the jaw, macro-

scopically, on dental radiographs, and on the 2D and 3D images pro-

duced by the Avizo software from the reconstructed scan data sets.

Data scoring sessions were repeated for intra-operator reliability

2 weeks apart. Inter-operator scoring of the same categories using the

same methods (Table 2) was undertaken by MM, on different dates

and times from intra-operator (AG). Other operators conducted data

scoring sessions for the categories (Table 2), on images produced by

the LV micro-CT scan data sets only.

2.3 | Statistical analysis

Intra-operator and inter-operator reliability were assessed using Gwet's

Agreement Coefficient (AC1), weighted Gwet's Agreement Coefficient

(AC2), and Intraclass Correlation Coefficient (ICC) using a two-way

random-effects model for absolute agreement, for binary and nominal

scale data, ordinal scale data, and continuous data, respectively. All ana-

lyses were performed using Stata v17 (StataCorp, 2022).

3 | RESULTS

3.1 | Reproducibility – standard statistical analysis

Supplementary Table S3 presents a summary of the results from tests

of intra- and inter-operator reliability for each of the methods

assessed, followed by a brief written summary. Additional information

relating to this statistical analysis can be found in the supporting infor-

mation as Supplementary Table S4 and the raw data as Data_S1.
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TABLE 2 Dental and alveolar bone categories, measured for the investigation of dentition and alveolar tissues in situ in the dentoalveolar
complex of archaeological human skull specimens, with the identification criteria, the methods used, and the scoring systems followed for
collection of data, including sources.

Categories

measured Identification criteria

Method/s to be

used System/s to be followed Sources/references

Inventory – total

number of teeth

in situ

Inventory of teeth present Macroscopic,

Radiographic, LV

Micro-CT

FDI (ISO 3950) notation system

used, data was recorded on a

visual chart representing the

upper and lower permanent/

primary dentition.

FDI World Dental

Federation, 2022,

International Organisation

for Standardization,

American National Standard,

American Dental

Association, 2010

Inventory - ante-

mortem tooth

loss

Evidence of healing of alveolar

processes

Macroscopic,

Radiographic, LV

Micro-CT

Location of healed alveoli

where tooth was previously

located-recorded on (FDI)

visual chart as above

Araújo et al., 2015, Kinaston

et al., 2019

Inventory – Post-

mortem tooth

loss

No evidence of healing of the

alveolar bone – open socket

observed

Macroscopic,

Radiographic, LV

Micro-CT

Location of open socket in

alveolar process/missing

tooth type-(FDI) visual chart

used as above.

Hillson, 1996

Occlusion Position of jaws and dental

arches – in relation to each

other mesio-distally.

Macroscopic, LV

Micro-CT

Scored using Angel's (1966)

classes of malocclusion.

Angel, 1966: p34–44

Tooth wear

(occlusal)

Evidence of loss of enamel

and/or exposure of dentine

on the occlusal surface

Macroscopic, LV

Micro-CT

Category of tooth wear

selected from Molnar's(1971)

criteria chart.

Molnar, 1971

Dental trauma Evidence of morphological

damage to the tooth

Macroscopic, LV

Micro-CT

An adaptation of the index by

Winter and Brook (1989)

was used to record trauma

involving enamel only;

enamel and dentine; or

enamel, dentine, and pulp.

Winter & Brook, 1989

Caries Evidence of decay – either

involving the enamel surface,

enamel and dentine or the

enamel, dentine, and the

pulp. Identification of a

difference in radiolucency

Macroscopic,

Radiographic, LV

Micro-CT

Tooth type affected (FDI), the

number, and location of

carious lesions recorded.

Dental probe was used for the

macroscopic examination.

ICDAS/ICCMS categories of

radiolucency were selected

from a visual chart for

radiographic and digitally

reconstructed radiographs

(DDR) on Avizo 9 software.

Pitts & Ekstrand, 2013;

International Caries

Classification management

System, 2022

Periodontal disease (1) Alveolar bone status –
evidence of changes in the

structure of the buccal

contours of the alveolar

margins of the posterior

teeth

(2) Evidence of horizontal

and/or vertical bone loss

Macroscopic, LV

Micro-CT

(1) Alveolar bone status-

inspection of the buccal

contours of the alveolar

margins of the posterior

teeth. Scored as grade 1 to 4

using Ogden's (2008) system

(2) Evidence of horizontal –
measurement taken on the

midline of the labial/buccal

and lingual surfaces of the

tooth, from the CEJ to the

crest of the alveolar bone. A

periodontal probe was used

with 3-mm increments for

the macroscopic

examination.

(1) Ogden et al., 2007: p.283–
307; Riga et al., 2021.

(2) Perschbacher, 2014: p 302
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TABLE 2 (Continued)

Categories

measured Identification criteria

Method/s to be

used System/s to be followed Sources/references

Enamel hypoplastic

defects

Evidence of enamel hypoplastic

defect/s

Macroscopic, LV

Micro-CT

Using an adaptation of the

enamel defect index (EDI),

the type of enamel

hypoplastic defect/s, the

number and location of

defects were recorded. A

measurement/s of the

distance from hypoplastic

defect/s to CEJ was taken.

Brook et al., 2001, Elcock

et al., 2006

IGD (interglobular

dentine)

Evidence of areas of defective

mineralization in the dentine

structure

LV Micro-CT Recorded presence of IGD as

yes/no

Colombo et al., 2019, Veselka

et al., 2019

Dental age range

estimation

Eruption rate and position of

developing teeth in the

alveolar

Macroscopic,

Radiographic, LV

Micro-CT

The London Atlas of Tooth

Eruption and Development

was used to identify the

stage of eruption and tooth

development.

AlQahtani, 2012, AlQahtani

et al., 2010

Notes: FDI = Fédération Dentaire Internationale, ICCMS = International Caries Classification and Management System, CEJ = Cementum Enamel

Junction, ICDAS = International Caries Detection and Assessment System.

F IGURE 2 Large Volume Micro-CT. Sample SMB 4A – subadult (dental age range: 3.5 to 5.5 years; skeletal age range: 2–4 years). (cranium
micro-CT scanned at 55 μm/pixel and mandible at 20 μm/pixel). (a1, a2) Anterior/labial view of the dentition in situ in the maxilla and mandible
using the Avizo 3D image function. (b1, b2) Anterior/labial view of the same dentition using the Avizo digitally reconstructed radiograph (DRR)
function (ThermoFisher Scientific, 2019). (c1, c2) Lateral view of the dentition using the clipping tool to remove one side of the jaw. (b, c) The
DRR is showing the developing dentition in the alveolar bones. Images were created using volren with the Avizo 9 software (ThermoFisher
Scientific, 2019). © Angela Gurr.
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3.2 | Capacity for each method to provide data for
the categories scored

Table 3 presents the results for each of the methods in determining

the data required. The LV Micro-CT was the only technique to provide

information for all of the categories. Macroscopic investigations could

not provide data on the internal structures of the teeth (Table 3).

Large volume Micro-CT and macroscopic examination were the only

methods to provide information regarding the occlusion, as the maxil-

lary and mandibular dentitions must be in their natural anatomical

position (opposing each other) to score this category. The radio-

graphic techniques did not provide data for at least 5 of the 10 investi-

gated categories (Table 3). It was not possible to grade the alveolar

bone status on the radiographs because of superimposition issues as

this category examines small morphological changes in the structure

of the buccal contours of the alveolar margins of the posterior teeth.

3.2.1 | Comparison of the level and range of results
for the LV micro-CT, macroscopic and radiographic
methods

Table 4 presents the level and range of results for each method. All

three methods provided identical data for the in situ dental inventory.

The estimation of the dental age range for each individual was similar

when applying the London Atlas (AlQahtani, 2012; AlQahtani

et al., 2010) with each method (Table 1).

Scores for the category of tooth wear for the radiographic method

were consistently at least one category higher compared with the LV

icro-CT and macroscopic examinations, but for dental trauma, the mac-

roscopic technique identified the greatest number of episodes (Table 4).

The grades for alveolar bone status were scored higher for the LV

micro-CT method compared with the macroscopic examination

results. This category could not be scored on radiographs.

The distance from the Cemento-Enamel Junction (CEJ) on the

teeth to the crest of the alveolar bone provided evidence of horizontal

bone loss, an indication of periodontal disease; the measurements on

the 3D images from the LV micro-CT were greater than those

obtained using the macroscopic method. For example, using the LV

micro-CT method, the ranges of measurements for horizontal bone

loss for adult SMB 73 were 2.0 to 7.4 mm, compared with 2.0 to

6 mm using the macroscopic method.

The total number of carious lesions identified using the macro-

scopic method was higher than other methods (Table 4). Scoring of

the category of radiolucency of carious lesions for the LV micro-CT

and radiographic methods was identical (Table 4); this category could

not be scored macroscopically.

More individuals were identified with evidence of EH defects by

the LV micro-CT method (Figure 3), compared with the macroscopic

examination (Table 4). As with the measurements for horizontal bone

loss, using the LV micro-CT method the distance from the CEJ to the

EH defect/s was greater than that obtained by the macroscopic exam-

ination. From the three methods compared, only the LV micro-CT

technique provided data for the category of IGD.

Illustrative Case Study: Infant SMB 58, dental age range = 1–

1.5 years (±3 months) (AlQahtani et al., 2010). The accuracy of the LV

micro-CT method was tested with the fragmented cranium and man-

dible of infant SMB 58. The standard methods were applied and EH

defects were identified macroscopically on the maxillary primary

canines and the semi-erupted primary maxillary and mandibular sec-

ond molars of this infant. The LV micro-CT technique identified fur-

ther detailed evidence of EH defects on the primary maxillary and

TABLE 3 The ability of each investigative method to provide data for the analysis of the categories studied for the health of the teeth and
associated alveolar bone tissues.

Was the method capable of providing data for the
following categories? Y/N

Methods

LV micro-CT Macroscopic Radiographic

Inventory Y Y Y

Tooth wear Y Y Y

Dental trauma Y Y Y

Occlusion Y Y N

Caries Y Y Y

Alveolar status Y Y N

Periodontal disease Y Y N

Enamel hypoplasia Y Y N

IGD (dentine defects) Y N N

Dental age estimation Y Y Y

Technical capabilities:

Are internal structures visible? Y N Y

Absence of superimposition problems? Y Y N

Note: Y = yes; N = no. LV micro-CT = large volume micro-CT; IGD = interglobular dentine.
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TABLE 4 A comparison of the levels
and range of results for LV micro-CT,
macroscopic, and radiographic methods
of examination of the dental and alveolar
bone health categories.

Categories measured

Methods used

LV micro-CT Macroscopic Radiographic

Tooth wear
Molnar (1971).

Grades 1 to 8.

Min. to max. range observed:

1 to 5 1 to 5 2 to 5

Dental trauma
Winter and Brook, (1989)

Total number of teeth affected:

9 17 10

Class of occlusion
Angle, (1966)

Range of classes: 1 to 3

Class 1 Class 1 N/A

Carious lesions
aTotal number of lesions observed:

56 80 41

Carious lesions
ICDAS/ICCMS

Categories of radiolucency: 0 to 6

Min. to max. range observed

1 to 4 N/A 1 to 4

Enamel hypoplastic defects
Brook et al. (2001)

Total number of teeth affected:

44 13 N/A

IGD (interglobular dentine)

Colombo et al., (2019),

Veselka et al., (2019)

Total number of teeth affected:

7 N/A N/A

LV Micro-CT = large volume micro-CT. N/A = not applicable – this method cannot be used to score the

specific oral health category. IGD = Interglobular dentine, ICDAS = International Caries Detection and

Assessment System; ICCMS, International Caries Classification and Management System.
aMore than one carious lesion may be present on a tooth.

F IGURE 3 Sample SMB 73, adult male (dental age: over 23.5 years, skeletal age range: 30–39 years). (a) Large Volume Micro-CT-(skull
scanned at 60 μm/pixel). Lateral view of the dentition in situ in the maxilla and mandible. Multiple examples of enamel hypoplastic (EH) defects
(linear = red arrows and pits = yellow circles) are shown. The software “clipping” tool was used to remove half of the skull, therefore the upper
first molar, seen on the radiograph (Figure 3b), is not visible. (b) Digitally reconstructed radiograph tool (DRR – Avizo 9 software) of the same
individual. The EH defects cannot be observed on this radiograph; however, evidence of periodontal disease with generalized bone loss, most
severe around the molar teeth, is visible. The bony outline of the mandible suggests that lower molars were lost because of periodontal disease.
Images were created using volren with the Avizo 9 software (ThermoFisher Scientific, 2019). © Angela Gurr. [Colour figure can be viewed at

wileyonlinelibrary.com]
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mandibular teeth in situ in the jaws (Figure 4), as well as on the erupt-

ing primary second molars. Extensive EH defects were also seen on

the developing permanent tooth germs in the alveolar tissue

(Figure 4). These enamel defects were not identified on the

dental radiographs (Figure 5). Areas of IGD were identified (Figure 6)

in all the teeth. These internal dentine defects (IGD) and the EH

defects seen on the developing teeth within the alveolar tissue

could not be identified macroscopically or radiographically (Figures 3,

5, and 6).

4 | DISCUSSION

This study demonstrated there are substantial differences between

the methods, particularly in the levels and in the detail that they can

be used to score each of the dental and alveolar bone health

categories. These methods are considered in the order of the aims of

the study.

4.1 | Aim 1 – Can LV micro-CT act as a single
technique to provide a detailed analysis of the
structures of the dentoalveolar complex in situ within
archaeological human skull specimens?

The high-resolution, non-invasive LV micro-CT scanning method is

capable of being a single technique for the analysis of the structures

of the dentoalveolar complex in situ within a human archaeological

skull specimen. This technique provided data for the full range of cate-

gories measured, (Tables 2–4), fulfilling the first aim of this study. The

post-scan processing software (ThermoFisher Scientific, 2019)

enabled specific and detailed measurements for the external and

F IGURE 4 Large Volume Micro-CT. SMB 58 – Infant (dental age range 1–1.5 ± 3 months, skeletal age range 0–2 years of age). (cranium
micro-CT scanned at 35 μm/pixel and mandible at 21 μm/pixel). (a and b) Posterior/lingual view of the maxilla. The bone density threshold level
has been manipulated to reveal the developing teeth in the alveolar. The red oval shows the maxillary tooth germs of the permanent central
incisors. Other teeth in the maxilla also have evidence of enamel hypoplastic defects. (c) Red oval – a close-up of Figure 4b, the maxillary
permanent central incisor tooth germs, showing enamel hypoplastic defects. (d) Anterior/labial view of the mandible. (e–g) As with Figure 4b, the

bone density threshold level was changed to show the developing teeth in the alveolar (red oval). (f) Lateral view of the mandibular dentition, the
clipping tool was used to remove one side of the jaw. Red lines identify enamel hypoplastic defects on the erupted primary teeth and the semi-
erupted primary second molar. Permanent teeth can be seen developing in the alveolar. (g) A close-up (from Figure 4e) of the mandibular
permanent central and lateral incisor teeth developing (the red oval), and the tips of permanent canine teeth within the alveolar tissue. Images
were created using the Volren function with the Avizo 9 software (ThermoFisher Scientific, 2019). © Angela Gurr. [Colour figure can be viewed at
wileyonlinelibrary.com]
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internal structures of the dentoalveolar complex with the ability to

scroll through the 3D image. With training, the software was easy to

use for operators with a non-dental background.

The analysis of the LV micro-CT scan images provided insight into

the changes and interactions that occur in the teeth and alveolar bone

during development and disease. These data are important as the

teeth and dental arches are parts of Complex Adaptive Systems of

two or more structures (Brook, 2009, 2014; Brook et al., 2016). The

age range and differing size for each individual were deliberately cho-

sen to cover the dynamic interactions and changes that occur during

development and to determine the value of the LV micro-CT tech-

nique for the analysis of in situ dentitions at different stages of devel-

opment. For example, there was a marked difference/contrast seen in

the density threshold level of the dentine and the enamel for the

F IGURE 5 Dental radiographs. SMB 58 – Infant (dental age range 1–1.5 ± 3 months, skeletal age range 0–2 years of age). (a) Panoramic
radiograph of the maxillary dentition, showing the erupted and semi-erupted primary teeth and the developing permanent teeth within the
alveolar. (b) Panoramic radiograph of the mandibular teeth, similarly showing the erupted and semi-erupted deciduous teeth. The developing
cusps of the permanent first molars can be clearly seen in the alveolar bone.

F IGURE 6 LV Micro-CT. SMB 58 – Infant (dental age range 1–1.5 ± 3 months, skeletal age range 0–2 years of age). (cranium micro-CT
scanned at 35 μm/pixel and mandible at 21 μm/pixel). (a) Dental radiograph of the maxilla (vertex occlusal projection). The level of detail visible in
this dental X-ray is less when compared with the micro-CT scan slice in Figure 6b. (b) Superior view of an internal slice from the LV micro-CT scan
of the maxillary teeth. Orange arrows show areas of interglobular dentine. This mineralization defect was seen in all of the maxillary teeth and the
majority of the mandibular teeth. (c) A dental radiograph of the lower left primary second molar (semi-erupted). (d) Sagittal slice from the micro-
CT scan of the same mandibular tooth showing interglobular dentine (orange arrows). Micro-CT images were created using the orthoslice
function with the Avizo 9 software (ThermoFisher Scientific, 2019). © Angela Gurr. [Colour figure can be viewed at wileyonlinelibrary.com]
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teeth from the adults compared with those from the subadults and

infant. These variations in density levels were because of the differing

stages of dental development and of mineralization of dentitions

(Nanci, 2012).

This method can also provide data for an overall impression of

general health as well as oral health through the examination of the

cranium and the identification of co-morbidities, such as cribra orbita-

lia (Brickley, 2018; Godde & Hens, 2021; Walker et al., 2009) and car-

ies sicca (Baker et al., 2020). Teeth developing during an extended

period of disease or other insult can be affected, and the evidence of

such a health insult may be seen as enamel and/or dentine defects

(Figures 3–5) (Armelagos et al., 2009; Beaumont et al., 2018; Brickley

et al., 2019; Brook et al., 1997; Brook & Smith, 1998; D'Ortenzio,

Ribot, et al., 2018; Halcrow & Tayles, 2008; Hillson & Antoine, 2011;

Kinaston et al., 2019; Mellanby, 1928, 1934; Nikiforuk &

Fraser, 1979).

4.2 | Aim 2 – How findings from the LV micro-CT
technique compare with standard methods?

Addressing the second aim, the LV micro-CT was the only

technique to provide data for the complete analysis of the in situ

dentoalveolar complex for the five individuals (Tables 3 and 4). The

macroscopic method could not provide all data required for all the

categories studied. The radiographic method provided the least

amount of information to address the categories (Tables 3 and 4).

By combining the macroscopic and the radiographic methods, a

range of data could be provided for many but not all of the

categories (Table 3).

Differences and similarities were seen in the “level” of scoring of

data that was provided from the compared methods. All three tech-

niques produced identical scores for the inventory of the in situ

archaeological dentitions, which was to be expected as this category

is not open to interpretation. The software (“volren” – Avizo 9) used

with the reconstructed LV micro-CT scan data can adjust the density

threshold level of the alveolar bone on the 3D images to reveal struc-

tures that are denser than the bone tissue, such as the enamel of

developing tooth germs (Figure 4). Adjusting the bone density thresh-

old levels and manipulating an image on the computer screen pro-

vided valuable additional information on morphology, position, and

stage of development of primary and/or permanent teeth within the

jaw; this adjustment and visualization of layers are not available on

radiographs. The macroscopic method could only provide data for the

dental age range category based on evidence of the external eruption

of teeth.

The LV micro-CT and radiographic methods identified clinically

significant carious lesions having marked demineralization and depth.

Early caries with slight demineralization and staining can be scored

macroscopically. This may be the reason for the higher caries score in

this study with the macroscopic technique (Table 4), but these early

reversible changes would have had no influence on the oral or general

health of the individual.

The grades for the category of tooth wear were consistently

higher on the dental radiographs compared with the other methods.

This may have been because of problems associated with superimpo-

sition, that is, one structure being superimposed on top of another in

the 2D radiographic image. Such distortion of the radiographic image

can occur particularly in the cuspal regions of the premolars and

molars. To overcome superimposition during the analysis of the Avizo

9 DRR images of the LV micro-CT scans, the clipping tool was used to

remove a quadrant of the jaw or individual teeth (Figures 2c, 3, and

4f).

EH defects that were not observed during the macroscopic exam-

ination of the teeth of one subadult (SMB 52B) were identified during

the 3D image analysis of the LV micro-CT scans. This method also

identified a higher total number of EH defects, for all five individuals

(Table 4), compared with the macroscopic analysis. The difference in

the number of EH defects identified was probably related to the high-

resolution images produced by the LV micro-CT system. In addition,

an improved level of accurate measurable detail for the location of the

EH defects was possible on the 3D image analysis of the LV micro-CT

scans compared with the measurements taken during the macroscopic

examination. Radiographically, EH is difficult to identify except in the

most severe of cases (Figure 5).

For periodontal disease, an improved level of accuracy concerning

measuring the distance between the CEJ and the alveolar bone was

also provided using the LV micro-CT compared with the macroscopic

method (Tables 2 and 4). The LV micro-CT allows for the precise loca-

tion and size of the defect to be measured or to determine the extent

of horizontal alveolar bone loss as evidence of periodontal disease.

For example, there was a difference of 1.4 mm between the LV

micro-CT measurement and the macroscopic measurement for the

same tooth type in individual SMB 73.

4.3 | Illustrative case study: Infant SMB 58

The value of the LV micro-CT method was tested further with the

investigation of the dentoalveolar complex in situ in the fragmented

skull of infant SMB 58 (approximately 1.5 years of age) (Figures 4 and

6). EH defects were identified macroscopically on several of the

erupted primary teeth. To investigate the full extent of this infant's

dental and general health, the fragile cranium and mandible were LV

micro-CT scanned. This method is ideal for this type of delicate speci-

men as it offers the least amount of handling of such fragmented

remains (Figures 4 and 6).

A change in the bone density threshold levels of the maxilla and

mandible on the LV micro-CT scans allowed the developing tooth

germs within the alveolar to be analysed. Evidence of extensive EH

defects was seen on the developing permanent teeth, the semi-

erupted and erupted primary teeth (Figure 4). Examination of the den-

tine of the erupted and developing dentitions of this infant showed

areas of IGD (Figure 6). These enamel secretion and dentine minerali-

zation defects indicate that the ameloblast and the odontoblast

(Hillson, 1996; Nanci, 2012) were affected by health insults during the
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development of the primary and permanent dentitions and reflect the

general health status of infant SMB 58. An approximation of the tim-

ing of the health insults, during the development of the dentition

(AlQahtani, 2012; AlQahtani et al., 2010), can be made by examining

the location of the defects in relation to the CEJ. Health insults, such

as a chronic systemic illness in the pregnant mother, can affect the

primary and permanent dentitions of a baby in utero. Postnatally, the

temporary immunity passed on to the newborn from its mother via

the placenta and through breastfeeding (Jennewein et al., 2017)

decreases, and the infant's immature immune system can struggle to

overcome health issues. The location of the EH defects seen on the

primary and developing permanent dentition of SMB 58 suggests that

they could have suffered a health insult around the time of birth, and

further illness affecting the developing teeth of this infant in the first

year of life (AlQahtani et al., 2010; Nanci, 2012). The additional infor-

mation gained from the LV micro-CT scan of the dentoalveolar com-

plex of SMB 58 adds to the data from the macroscopic and

radiographic methods (Figure 5) and illustrates the importance of this

imaging technique.

4.4 | Advantages and limitations of the large
volume micro-CT scanning method

The LV micro-CT scanning system is a valuable method that has

shown it can be used as a single technique for the investigation of the

dentoalveolar complex in situ in human archaeological skulls. More-

over, this micro-CT scanning system is considerably more time effi-

cient for the amount of data received than by combining the

macroscopic and radiographic methods.

Digital images (2D and 3D) created from LV micro-CT scans are

permanent records that could be used to preserve rare and/or delicate

archaeological human skull samples from individuals of different age

groups as well as for data sharing for international collaboration,

and/or for repeat scoring for reproducibility studies. Alternatively,

micro-CT scan data sets can be converted to STL files for 3D printing.

Ethical implications of digitalizing and/or replicating human remains

must always be considered (Hirst et al., 2018).

4.5 | Alternative 3D image analysis techniques

An alternative CT technique that was not utilized for this investigation

but could also be used for the study of the dentoalveolar complex in

situ in human skull samples was the CBCT scanner. As previously

mentioned, there is a difference in the size of the scan slice produced

by the two techniques (Orhan, 2020; Orhan & Büyüksungur, 2019;

Pour et al., 2016). However, depending on the type of anatomical or

pathology structure to be studied, the CBCT scanner may be more

readily available and a cheaper alternative to the LV micro-CT scanner

(Lamira et al., 2022; Lozano et al., 2022). The 3D digital microscope

(3D DM) could also provide high-quality images of dental defects on

the external surfaces of the teeth. This equipment is suitable for teeth

in situ in “small maxilla and mandible fragments or isolated teeth”
(Lozano et al., 2022:3) but not an entire in situ dentoalveolar complex.

4.6 | Limitations of this study

The sample size for this study was dictated by the cost of the LV

micro-CT technique. While at present the LV micro-CT is used for

small numbers of rare samples, the cost is likely to reduce as the

method becomes more widely applied. Statistical analysis (Gwet's AC

and AC2) was affected by the sample size (Tables S3 and S4), with

many results having a confidence interval of 1.00, which indicates a

perfect agreement by the operators (raters).

5 | CONCLUSION

The LV micro-CT scanning technique was the only method to provide

data for all the categories studied. This micro-CT scanning system pro-

vides accurate, detailed measurements of external and internal struc-

tures of the dentoalveolar complex in situ within archaeological

human skull specimens. In this study, the LV micro-CT technique pro-

vided data that could not be obtained using macroscopic or radio-

graphic methods and demonstrates that LV micro-CT scanning is an

advance from standard non-invasive methods. This valuable technique

allows fragile and rare archaeological human skull specimens to be

examined, as the study of infant SMB 58 illustrated. The data that

support the findings are available from the corresponding author upon

reasonable request.
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