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ABSTRACT  

Tooth cementum annulation (TCA) is used by anthropologists to decipher age-at-death and stress periods based on 
yearly deposited incremental lines (ILs). The destructive aspect of the TCA method, which requires cutting the tooth root 
in sections to display the ILs, using transmission light microscopy, can be problematic for archeological teeth, and so a 
non-invasive imaging technique is preferred. The purpose of this study is to evaluate conventional micro computed 
tomography (µCT) and synchrotron radiation-based X-ray micro computed tomography (SRµCT) as a non-destructive 
technique to explore the tooth cementum ultrastructure and to display ILs. Seven archeological teeth from the Basel-
Spitalfriedhof collection (patients died between 1845 and 1868 in the city hospital) were selected for the µCT 
experiments. This collection is considered a unique worldwide reference series in the anthropological science 
community, due to the high level of documented life history data in the medical files and the additionally collected and 
verified birth history by genealogists. The results demonstrate that the conventional µCT is complementary to the 
SRµCT allowing to prescreen the teeth using conventional µCT to identify the appropriate specimens and areas for the 
SRµCT measurements. SRµCT displayed cementum ring structure corresponding to the ILs in the microscope view in 
archeological teeth in a non-invasive fashion with the potential for more accurate assessments of ILs compared to 
conventional techniques. The ILs were mainly clearly visible, and it was possible to count them for age-at-death 
assessment and identify qualitatively irregular ILs which could constitute stress markers. 

Keywords: Synchrotron radiation-based micro computed tomography, conventional micro computed tomography, 
archeological teeth, tooth cementum annulation (TCA), incremental line, dental cementum, stress marker identification, 
pregnancy, mineralization 
 

1. INTRODUCTION  
Tooth cementum annulation (TCA) is an established method for determining age-at-death by counting yearly deposited 
incremental lines (ILs) [1-3]. Light microscopy is the standard method for IL analysis. For this purpose, 70 to 80 µm 
sections of the tooth root have to be prepared, but this destructive aspect of the TCA can be problematic for 
archeological teeth, and so a non-invasive imaging technique is preferred. Conventional micro computed tomography 
(µCT) and synchrotron radiation-based micro computed tomography (SRµCT) techniques have the potential for less or 
non-destructive, high-resolution imaging of the tooth cementum. SRµCT has shown promising results in displaying the 
ILs of a beluga whale [4] and has demonstrated to be an alternative to traditional approaches to image growth lines in 
dentin and enamel in fossil human teeth [5]. Cementum is a mineralized tissue covering the tooth root and is deposited 
lifelong supporting the anchoring of the tooth in the alveolar bone [6].  

*g.mani@unibas.ch; phone +41 61 207 42 00; fax +41 61 207 42 55; www.ipna.unibas.ch 

Developments in X-Ray Tomography XI, edited by Bert Müller, Ge Wang, Proc. of SPIE Vol. 10391,
103911C · © 2017 SPIE · CCC code: 0277-786X/17/$18 · doi: 10.1117/12.2276148

Proc. of SPIE Vol. 10391  103911C-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/28/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



 

 

Cementum ha
of cementum 
seasons [7, 8]

In transmissio
The brighter 
darker and u
Cementum co
to be respons
been examin
interference 
agreement ab
fluorescence 

Irregular ILs 
such as a pre
linked to a y
cementum str
ray micro com
display the IL
This study is 
method, and 
are from the B
the anthropol
additionally c

Figure 1. (a
(3D) µCT 
outermost p
vector pres

as a relatively
growth in a c

].  

on light micro
and usually w

usually thinne
onsists mainly
sible for the op
ned by severa
contrast micr
bout the caus
and diffractio

in terms of IL
egnancy, lacta
year of life by
ructure is esse
mputed tomog
Ls and to con
part of a mor
assessing the 
Basel-Spitalfr
logical scienc
collected and v

a) Mandibular p
scan with a pix
part of the root
sents an IL. 

y homogenous
circannual rhy

oscopy image
wider ring is d
er ring is dep
y of collagen a
ptical propert
al methods, s
roscopy [11], 
se responsibl

on scanning su

L width and c
ation period o
y applying th

ential. The pur
graphy as a no
ntribute to the 
re comprehens
correlation be

riedhof collect
ce community
verified birth 

premolar with t
xel size of 5 µm
. (c) Microscop

s pattern, with 
ythm are the re

s, an IL consi
described to c
posited during
and hydroxya
ies of the two

such as scann
spectroscopy

e for the lay
upport that the

olor are regar
or disease, co
he TCA meth
rpose of this s
on-destructive
understandin

sive investiga
etween these S
tion from the 
y, due to the 
history by gen

the cross-sectio
 showing the vi

pic view (×400 m

ILs represent
esult of endog

ists of a brigh
orrespond to 
g periods of 

apatite crystals
o types of line
ning electron 
y [12] and m
yered structur
e dark and ligh

rded as stress 
onditions that 
hod. For optim
tudy is to eva

e technique to 
ng of irregular
ation seeking t
SMs and know
nineteenth ce
high level o

nealogists [15

n in the tooth ro
irtual cross-sect
magnification) 

ting its phased
genous cycles 

ht and a dark r
periods of gro
rest or slow

s, their concen
es [9,10]. Cem

microscopy 
microradiograp
re, though re
ht bands are du

markers (SMs
affect calcium

mal SM ident
aluate convent

explore the to
r ILs and the 
to identify irre
wn life history
ntury, which i

of documented
5]. 

oot indicated. (b
tion of the tooth
of the tooth cem

d deposition [6
reflecting env

ring represent
owth, such as 

wer growth, su
ntrations and/

mentum structu
[9], transmis

phy [9]. How
ecent analyses
ue to mineral 

s) (see Figure
m metabolism
tification, an 
tional and sync
ooth cementum
three-dimensi
egular ILs (SM
y events. The 
is a unique wo
d life history

b) Conventiona
h root, with too
mentum of a m

6]. These alter
vironment fac

ting one year 
 summer mon
uch as winte
/or orientation
ure and miner
sion light mi

wever, there is
s using synch
density differ

 2) and may p
m [2,14]. Such

understanding
chrotron radia
m ultrastructu
ional identific
Ms), using an
teeth analyze
orldwide refer

y data in med

al three-dimens
oth cementum in

mandibular canin

rnating phases
ctors related to

(Figure 1 (c))
nths, while the
r months [9]

ns are assumed
ralization have
icroscopy [9]
s no common
hrotron X-ray
rences [13].  

point to events
h SMs can be
g of the tooth
ation-based X
ure, in order to
cation of SMs
 adapted TCA
d in this study
rence series in

dical files and

 
ionally 
n the 
ne; the 

s 
o 

). 
e 
. 
d 
e 
, 
n 
y 

s 
e 
h 
-
o 
s. 
A 
y 
n 
d 

Proc. of SPIE Vol. 10391  103911C-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/28/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx



 

 

 
Figure 2. Microscopic view (×200 magnification) of the tooth cementum of a mandibular canine (Z-436) from Maria Eva 
Kalchschmidt (November 26, 1802 – August 20, 1851). Arrows indicate an irregular IL.  

2. METHODS  
2.1 Specimen selection and preparation 

Seven permanent human teeth (canines or premolars) were analyzed using high-resolution micro computed tomography 
experiments (six teeth from women with documented births and one tooth from a man). The archeological teeth are from 
the highly documented Basel Spitalfriedhof collection in Switzerland (stored at the Natural History Museum Basel), 
from the nineteenth century as described in the introduction. The patients lived during the early industrialization and one 
or more transcribed medical records (stored in the township archives at Staatsarchiv Basel-Stadt) were available for each 
identified skeleton, depending on the number of hospital stays. The dates of birth and age-at-death of the selected 
patients were verified [15, 16]. The patients were buried between 1845 and 1868 and excavated in 1988 and 1989 by the 
archeological Bodenforschung Basel-Stadt. Geographical and social origins and family situations for three generations 
(parents, the selected individual and the next generation) were confirmed genealogically and historically [17, 18]. The 
number of births and birth intervals were evaluated and validated according to different church archives (baptism, 
marriage, confirmation and funeral). This high-level patient information, including birth history, allows to compare the 
identified SMs with the documented life history data.  

The tooth cementum, which is optimal for TCA, is the acellular extrinsic fiber cementum (AEFC) that extends from the 
cervical margin of the tooth root, covering around two-thirds [19] of the root. Its diameter ranges from 30 to 230 µm 
[20]. The cervical part of the middle-third area of the tooth root (Figure 1 (a)) has to be scanned in line with the area to 
be sectioned for TCA [1], using conventional µCT and SRµCT. 

2.2 Micro computed tomography 

2.2.1 Conventional micro computed tomography 

Altogether, six teeth (three teeth prescreened for SRµCT and three teeth sectioned for higher resolution measurements) 
were scanned using the conventional lab-based µCT scanner nanotom® (GE Sensing & Inspection Technologies GmbH, 
Wunstorf, Germany) to display the cementum layer and to find interesting regions for SRµCT measurements. The scans 
were performed with a pixel size of 5 to 10 µm, and 1200 equiangular radiographs were recorded over 360° with a 3-
second exposure time per projection. For the experiments, an acceleration voltage of 90 kV and a beam current of 200 
µA were selected. 

2.2.2 Synchrotron radiation-based micro computed tomography 

Four intact teeth (two of the three teeth prescreened by the lab-based µCT and two teeth that had not been prescreened) 
were scanned at the beamline ID 19 (ESRF, Grenoble, France). One tooth (Z-1584, a maxillary premolar of a 36-year-
old woman, with one documented birth) was selected for a comprehensive synchrotron analysis. Measurements were 
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Figure 5. SRµCT scan with a pixel size of 0.33 µm of a premolar of a 36-year-old woman. Cementum with the ILs (red arrows) is 
presented, and one IL (blue arrow and balk) appears broader compared to the other ILs. 
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4. DISCUSSION AND CONCLUSION 
The SRµCT measurements allowed to display the cementum microstructure in varying degrees of quality, along with 
rings that very likely correspond to the ILs in the transmission light microscope view. In the preselected tooth using 
conventional µCT, favorable areas for SRµCT measurements were found, where the ILs were visible in the SRµCT view 
over a wide part of the cementum; furthermore, it was possible to count and assess qualitatively the ILs in terms of IL 
width and appearance. In the deselected tooth using conventional µCT, no ILs were visible in the SRµCT view. This is 
only a preliminary study, and further research is needed to display the ILs for accurate assessment and to understand why 
in some teeth it is impossible to display them. However, this issue is also known from TCA, that in some teeth or areas 
of the cementum, ILs are invisible. 

As the magnification of conventional μCT is related to the positions of the source (cone-beam geometry), sample and 
detector, the highest resolutions can be adjusted by positioning the sample close to the source. Therefore, tooth sticks of 
a few millimeters in size had to be sectioned, to be able to scan at pixel sizes below 1 μm. However, even in the 
sectioned teeth at a resolution of 0.7 μm, the ILs could not been displayed. Due to the sizes of the sticks, energy had to 
be decreased, with the result that the intensity of the X-ray beam was insufficient. The consequent increase in scan time 
(around 9 h) resulted in blurred results, thus making the ILs invisible. The conventional µCT scans, however, were 
useful in prescreening the intact teeth by assessing the quality of the tooth cementum, such as the consistency of the full 
cementum width and to capture alterations that may constitute a challenge to display ILs in the SRµCT view. Hence, 
favorable areas for SRµCT examination of the intact tooth can be identified using conventional µCT.  

The visualization of the ILs using SRµCT shows that the cementum structure consists of mineral density modulations 
reflected by the ring structure corresponding to the ILs in the microscopic view. The brighter rings in the SRµCT view 
absorb more X-ray radiation and are therefore denser structures compared to the darker rings. This investigation is a 
further evidence that ILs are based on mineral density differences, which have been described in several studies [9, 13] 
and linked primarily with variations in the relative mineralization mainly due to changes in the rate of cementogenesis 
[7]. The structural knowledge on ILs is relevant in helping understand the nature of the appositional growing, interpret 
differences between regular and irregular ILs and recognize the mechanism leading to irregular ILs. So far, irregular ILs 
that point to events such as a pregnancy or certain diseases have been described to vary in terms of width and color [2].  

SRµCT displays the ILs in a 3D view and allows to find the virtual section perpendicular to the exterior of the tooth root, 
which avoids the issue with the sometimes optically superimposed ILs in the microscopic view [22]. This improves the 
distinction – and hence the counting – of the ILs and provides accurate IL width measurements. The two teeth that were 
analyzed more comprehensively in this study were from women with a documented birth history, with the expectation 
based on earlier studies to spot irregular ILs [2,23]. During pregnancy, maternal physiology adjusts to ensure the 
optimized growth of the fetus and there is a high rise in several hormones. Maternal calcium homeostasis has to adapt to 
the high calcium demand of the fetus, with the highest demand in the third trimester [24]. It is expected that the 
hormones and growth factors active during pregnancy may influence tooth cementum growth and mineralization. In 
contrast to bone, cementum is not vascularized and rarely remodeled during life [25]. Structural changes in cementum, 
due to pregnancies and diseases, should therefore be preserved and accessible post mortem or after tooth extraction. In 
this study, it was possible to present the ILs in two teeth. In the preselected tooth, it was possible to count them, and an 
average of 18 ILs were recorded, which provides an age-at-death estimation of around 28 years. This, however, is lower 
than the actual age-at-death, but it needs to be considered that in this tooth the start of cementum and the first IL, the start 
of the counting, were challenging to assess. Additionally, the ring structure was not clearly visible over the full course of 
the cementum. These factors can influence the chances of capturing every IL and may result in a less accurate age-at-
death estimation. Dividing the total width of the cementum by the periodicity of the ILs could be a way to overcome the 
issue of invisible ILs. In our case, this approach is not expected to improve the age-at-death estimation, as the main 
challenge is that the start of the cementum, as described above, is challenging to define. In the same tooth, an IL with a 
broader width compared to the other ILs was identified. The broader IL is located in the ninth IL. Adding the average 
eruption age of this tooth type, the broader IL would correspond to an age of 20 years. The tooth was from a woman with 
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one documented birth. Further investigations are needed to assess the reliability of this finding and the correlation with a 
stress period.  

To date, there is no method available that can assess cementum ILs in human teeth in a non-destructive way. This pilot 
study demonstrates that SRµCT has the potential to display the cementum microstructure corresponding to the ILs, by 
virtually sectioning the tooth root, and that SRµCT is applicable for displaying cementum ILs in archeological human 
teeth. A disadvantage of µCT is the issue of destroying DNA in ancient material, which needs to be considered before 
starting any research. The conventional µCT examinations were complementary to SRµCT, allowing to prescreen the 
teeth, in order to optimize the SRµCT examinations. Hence, SRµCT showed promising results in assessing age-at-death 
and stress periods in archeological teeth, as presented in this pilot study, in a non-invasive fashion. A contribution to the 
understanding of the tooth cementum structure could be provided and supports the evidence that ILs are based on 
mineralization differences.  

It is highly desirable to determine the actual absorption values of the microanatomical features of cementum. Such a 
determination requires full-field tomography with monochromatic radiation. For this purpose, stitching techniques could 
help avoid cutting the crown [26]. The power of currently available hard X-ray tomography setups, however, is 
restricted, and so a related study has had to be postponed.  

IL ring structures are not unique in nature. Certainly, we know these rings exist in trees (see, for example, [27]), but they 
are also found in mineralized tissues, for example otoliths [28], where they correspond to the day-night cycles and have 
been applied to determine the exact dates of radioactive fall-out as the result of testing atom bombs. Therefore, we 
conclude that the results of the present study may also become helpful for other areas of research. 
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