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Abstract: Micro-CT imaging is an increasingly popular method in paleontology giving access to internal structures with a high
resolution and without destroying precious specimens. However, its potential for the study of hypoplasia defects has only recently
been investigated. Here, we propose a preliminary study to test whether hypoplastic defects can be detected with micro-CT (µCT)
scan and we assess the costs and benefits of using this method instead of naked eye. To do so, we studied 13 fossil rhinocerotid teeth
bearing hypoplasia from Béon 1 (late early Miocene, Southwestern France) as positive control and 11 teeth of the amynodontid
Cadurcotherium (Oligocene, Phosphorites du Quercy, Southwestern France), for which enamel was partly or totally obscured by
cement. We showed that all macroscopically-spotted defects were retrieved on 3D reconstructions and selected virtual slices. We
also detected additional defects using µCT scan compared to naked eye identification. The number of defects detected using µCT
was greater in the Cadurcotherium dataset (paired-sample Wilcoxon test, p-value = 0.02724) but not for our control sample (pairedsample Wilcoxon test, p-value = 0.1171). Moreover, it allowed for measuring width and depth of the defects on virtual slices
(sometimes linked to stress duration and severity, respectively), which we could not do macroscopically. As µCT imaging is both
expensive and time consuming while not drastically improving the results, we recommend a moderate and thoughtful use of this
method for hypoplasia investigations, restricted for instance to teeth for which enamel surface is obscured (presence of cement,
uncomplete preparation, or unerupted germs).
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INTRODUCTION
Hypoplasia is a common defect of the enamel and, although
non-specific in its etiology, a permanent and sensitive individual
marker of stress (Neiburger, 1990; Guatelli‐Steinberg, 2001). It
is caused by a stop during enamel deposition (i.e., amelogenesis)
due to a stress or a combination of stresses (Goodman & Rose,
1990). Enamel hypoplasia has been widely studied in primates
and especially in humans (Ogilvie et al., 1989; Goodman &
Rose, 1990; Lukacs, 1999; Franco et al., 2007; Skinner &
Pruetz, 2012; Cabec et al., 2015; McGrath et al., 2018), but
it has been reported and investigated in many other mammal
groups (pigs: Dobney & Ervynck, 2000; sheep and goats:
Kierdorf et al., 2012; Upex & Dobney, 2012; giraffes: FranzOdendaal et al., 2004; bisons: Niven et al., 2004; rhinoceros:
Bratlund, 1999; Mead, 1999; Fourvel et al., 2015; Bacon et
al., 2018). More than a hundred causes have been proposed
in humans (Small & Murray, 1978), but the most commonly
proposed in the literature are: nutritional stress (Goodman &
Rose, 1991; Barrón-Ortiz et al., 2019), seasonality (FranzOdendaal et al., 2003; Skinner & Pruetz, 2012; Upex &
Dobney, 2012), weaning or cow-calf separation (Goodman
& Rose, 1990; Mead, 1999; Dobney & Ervynck, 2000), birth
(Mead, 1999; Niven et al., 2004; Upex & Dobney, 2012), and
diseases (Bratlund, 1999; Rothschild et al., 2001).
Despite this abundance of studies, no consensus concerning
the method of study has been reached making cross-comparisons
complex (Hassett, 2014). For instance, the identification of

defects remains an issue, as no threshold has been proposed
to differentiate between “normal” and pathological enamel,
and as their manifestation on teeth is species-, tooth-, and
individual-dependent (Neiburger, 1990; McGrath et al., 2021).
The most commonly used approach is naked eye, sometimes
coupled with hand-lens (5x or 10x), and it consists in spotting
the defects, categorizing them (e.g., pit, linear), and caliper
measurements (Ensor & Irish, 1995; Dobney & Ervynck, 1998;
Franz-Odendaal et al., 2004; Niven et al., 2004; Fourvel et al.,
2015; Bacon et al., 2018, 2020). Some studies have also used
microscopy (optic, SEM, or confocal) to investigate enamel
hypoplasia, either through histology (Rose, 1977; Witzel et al.,
2008; Sabel et al., 2010; Marchewka et al., 2014), or at the
surface of the enamel (directly or on casts; Chollet & Teaford,
2010; Hassett, 2014; Henriquez & Oxenham, 2017; McGrath
et al., 2018). Microscopy allows for a better individual age
estimation as Retzius lines or perikymata might be visible, but
the histology approach is destructive as it requires to slice the
specimen.
More recently, micro-CT scan (µCT scan) imaging has been
used to study hypoplasia (Windley et al., 2009; Marchewka
et al., 2014; Xing et al., 2016). Micro-CT imaging is indeed a
very popular non-destructive method, notably in paleontology,
as it allows for high-quality images of internal structures
(Skinner & Hung, 1989; Goodman & Rose, 1990; Marchewka
et al., 2014). It relies on X-ray computed microtomography
of the specimen through hundreds of radiographies taken
from different angles and transformed into virtual slices.
Thus, depending on the resolution, µCT scanning may allow
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for results similar to those of histology without damaging
the specimen and with infinite virtual slicing possibilities. A
pioneering comparison between µCT scan and microscopy
for hypoplasia investigation even pointed out that the former
method i) had better results in detecting the defects and ii)
provided more accurate measurements than microscopy
(Marchewka et al., 2014).
In this paper, we propose to test the reliability of µCT scan
in hypoplasia detection and to weigh the costs and benefits of
using micro-CT imaging to study enamel hypoplasia on fossil
rhinocerotoid teeth. We also investigate the potential of µCT
scan to detect hidden defects on Cadurcotherium teeth with
cement obscuring partly or totally their enamel surface.
MATERIALS AND METHODS
Our dataset is composed of two groups of rhinocerotoid teeth.
The first one, our control sample to test for the ability of
µCT scan to properly detect hypoplasia defects, consisted of
eight isolated cheek teeth (including one with no taxonomical
identification), a maxilla bearing P2-P3, and three associated
teeth (p4-m1-m2) all presenting hypoplasia, except for
the associated m1, which is very worn. All teeth come
from the locality of Béon 1 and belong to the rhinocerotids
Plesiaceratherium mirallesi, Prosantorhinus douvillei, and
Rhinocerotidae indet. (one tooth). Béon 1 is a late early Miocene
locality from southwestern France (Montréal-du-Gers; MN4;
~ 17 Mya; Figure 1). It has yielded a species-rich vertebrate
fauna with over 60 species identified of rodents, carnivores,
proboscideans, perissodactyls, artiodactyls, birds, squamates,
and amphibians (Crouzel et al., 1988; Antoine & Duranthon,
1997; Rage & Bailón, 2005) including five rhinocerotid species
(Antoine, 2002). The site is reconstructed as an oxbow lake
surrounded by open woodlands under subtropical climatic
conditions. All the material from Béon 1 is stored at the
Muséum de Toulouse (MHNT).
The second group consisted of 11 isolated teeth of the
Oligocene amynodontid genus Cadurcotherium – four being
assigned to C. minum and seven to C. cayluxi – all from

the Phosphorites du Quercy, in SW France (Figure 1). Two
specimens of C. minum originate from Pech Crabit (MP23,
early Oligocene; Laudet et al., 1997). They are curated in the
University of Montpellier collections (UM; France). All other
specimens belong to the Léenhardt collection. Although they
are not located or dated precisely, most of these specimens
were already figured and/or measured in the seminal revision
of Cadurcotherium by Roman & Joleaud (1909). This very
collection was considered lost in the meantime (e.g., Ménouret,
2018), until its recent donation to the University of Montpellier
through Jean-Pierre Aguilar. Cadurcotherium teeth are high
crowned and further characterized by the presence of coronary
cement that obscures partially or totally enamel surface. This
subsample was used to test the potential of µCT scan and
segmentation to detect hypoplasia when enamel is obscured
The micro-CT imaging was performed at the Institut des
Sciences de l’Evolution de Montpellier (ISE-M), using the
micro-CT Scanner EasyTom 150 kV from the Montpellier
Ressources Imagerie (MRI) platform. We used a copper filter
(0.3 mm) to limit beam hardening and the parameters were set
to 130 kV, 230 µA (except for Béon 1 maxilla 2015/183: 224
µA), 360° of rotation, 10 frames averaging. The isometric voxel
sizes resulting from these scans ranged between 23.8 and 56.6
μm. Corrections (geometric, automatic point correlation, ring
artefacts, and beam correction) and reconstruction were done
using Xact (v.2 revision 11025; 2019). Reconstructions were
then studied using Fiji for ImageJ (v1.48) and AVIZO (2019.3).
A supplementary step of segmentation was undertaken in
AVIZO for specimens presenting cement (Cadurcotherium
teeth).
Naked eye investigation consisted in detecting and
identifying the defects based on the Fédération Dentaire
Internationale Index (1982). Types of defects are illustrated in
Figure 2. Pits were considered as one hypoplasia event and not
scored individually in our counts. Measurements (distance to
enamel-dentine junction, width of the defect) were taken using
a caliper (Fischer Darex France, Ref PAL250 – Capacity: 200
mm, Precision: 0.02 mm).
We conducted statistics on our dataset to assess if hypoplasia
detection was enhanced or not with µCT scan imaging.
As our samples were restricted (n < 15), we chose the nonparametric Wilcoxon test, which compares the medians of
two groups. We used the paired-sample version of this test
due to the non-independence of the samples (same specimens
observed with the naked eye and µCT scanned). Following
the statement of the American Statistical Association (ASA)
on p-values (Wasserstein & Lazar, 2016; Wasserstein et al.,
2019), we deliberately avoided the use of the term “statistically
significant” and the classical associated thresholds, but gave
exact p-values instead.
RESULTS

Figure 1. Localization of fossil localities of Béon 1 (late early Miocene) and
Phosphorites du Quercy (Oligocene) that yielded the studied rhinocerotoid
teeth. Photo illustrating an example of rhinocerotid remains found at Béon
1, Montréal-du-Gers (MN4; Southwestern France). Credit: Pierre-Olivier
Antoine. Phosphorites du Quercy not illustrated as the exact provenance of
most of the studied specimens is not known.

The results of our analyses with naked eye and µCT scan
are compared in Table 1 and all details are available in
Supplementary S1. We found a noticeably greater median
of detected defects with the µCT scan when both Béon 1
and Cadurcotherium specimens were considered (V = 66.5,
p-value = 0.01643), and when Cadurcotherium specimens
were considered alone (V = 15, p-value = 0.02724). However,
the number of defects detected by the naked eye was not
different from that using micro-CT imaging in the Béon
sample when analyzed separately (control group; V = 21.5,
p-value = 0.1171).
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Béon 1 sample: control group
The rhinocerotid sample from Béon 1 was our positive control,
as all 13 teeth from Béon 1 displayed hypoplasia except for the
m1 from the associated p4-m2 that was too worn for hypoplasia
investigation. All macroscopically-detected hypoplasias were
retrieved on µCT scan reconstructions and selected virtual
slices (Figures 3-4). Sometimes, several virtual slices had to be
considered, as defects were found on different parts of the same
tooth. For five teeth, additional defects were detected using
µCT scan imaging (Table 1; Figure 3C, D, E; Figure 4D, E).

In total, we detected 1.3 times more hypoplasias with the µCT
scan than with naked eye.
Cadurcotherium sample: hypoplasia and cement
The Cadurcotherium sample (11 teeth) allowed for testing of
the capacity of µCT scan to detect hypoplasias on teeth covered
by cement. While only one hypoplasia could be seen with
naked eye, the use of the µCT scan revealed 10 supplementary
defects on five specimens (Table 1; Figures 5-6). Despite

Figure 2. The three different types of enamel hypoplasia considered in this study illustrated on pictures and 3D reconstructions of Béon 1 specimens. 2015-183
specimen, right maxilla of Prosantorhinus douvillei with P2 and P3 bearing aplasias and LEH respectively: A. Photo in labial view, B. 3D reconstruction in labial
view, C. Zoom on P2 aplasias indicated by white arrows, D. Zoom on P3 LEH indicated by white arrow. Béon 2003 F1 17 specimen, left p4 of Plesiaceratherium
mirallesi displaying multiple pits: E. Photo in labial view, F. 3D reconstruction in labial view, G. Zoom on the zone displaying multiple pits, four of which are pointed
by white arrows. Not to scale.
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such greater detection, six teeth - out of the ten not displaying
macroscopical hypoplasia – still did not present hypoplasia at
the microscopic scale. The virtual slices also showed surprising
features of enamel microstructure, such as folds for the CF24
specimen (Figure 6C).
DISCUSSION
Our results, although on a restricted sample of rhinocerotoid
teeth, confirmed that µCT scan is a reliable approach to study

hypoplasia, as previously stated (Marchewka et al., 2014;
Xing et al., 2016). Indeed, all macroscopically-spotted defects
were retrieved on 3D reconstructions and selected virtual
slices (Table 1; Figures 3 to 6). Moreover, our results suggest
that µCT scan investigation has the potential to reveal more
hypoplastic defects than naked eye inspection. Contrary to
the naked eye approach, we were able to measure width and
depth of the defects more precisely and on more defects on the
virtual slices (Supplementary S1). These measurements might
be crucial to some studies, as width of the defect is associated
with its duration, and depth with its severity (Skinner &

Figure 3. 3D reconstructions and virtual slices of Béon 1 Plesiaceratherium mirallesi and Rhinocerotidae indet. teeth with hypoplasia defects highlighted. Virtual
slices correspond to the plan indicated by green or blue lines (approximate position) and white arrows indicate hypoplasia events. 3D reconstructions and associated
virtual slices of Pl. mirallesi specimens: A. Béon 267 lingual view of the protoloph of a M1-2 with LEHs and pits, B. Béon E2 18 labial view of a left p4 (associated
with Béon E2 11) with LEH and pit, C. Béon E2 11 lingual view of a left m2 (associated with Béon E2 18) with LEH and pits, D. Béon 2003 F1 17 labial view of a
left p4 with multiple pits; and Rhinocerotidae indet specimen: E. Béon 1993 labial view of the ectoloph of a left cheek tooth.
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Figure 4. 3D reconstructions and virtual slices of Béon 1 Prosantorhinus douvillei teeth with hypoplasia defects highlighted. Virtual slices correspond to the plan
indicated by green or blue lines (approximate position) and white arrows indicate hypoplasia events. 3D reconstructions and associated virtual slices of Pr. douvillei
specimens: A. 2015-183 labial view of right P2 and P3 on a maxilla displaying aplasias and a LEH respectively, B. Béon 9 labial view of the ectoloph of a right M1-2
with aplasia, C. Béon 2003 SN 10 labial view of a left m3 with multiple LEHs, D. Montréal 1987 labial view of the ectoloph of a left M1-2 with a LEH, E. Béon
SN73 labio-distal view of the hypoloph of a left m1-2 with multiple LEHs, F. Béon 1998 F1 2090 labial view of the ectoloph of a left P3? with LEHs and pits.
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Table 1. Comparison of enamel hypoplasia detection with naked eye or CT scan on rhinocerotoid teeth from Béon 1 (late early Miocene; France) and Phosphorites
du Quercy (Oligocene; France). To avoid confusion in the genera, Plesiaceratherium mirallesi is abbreviated as Pl. mirallesi and Prosantorhinus douvillei as Pr.
douvillei. LEH stands for linear enamel hypoplasia and defect for uncategorized hypoplasia. Lowercases stand for lower teeth and upper cases stand for upper teeth.
P/p: premolar and M/m: molar. Wear according to the stages proposed by Hillman-Smith et al. (1986).
Storage

Locality

Specimen

Species

Tooth

Position Side Wear Naked eye

CT-scan

MHNT

Béon 1

2015-183

Pr. douvillei

Maxillary
P2
P3

Upper
Upper

Right
Right

5 2 aplasias
5 LEH

2 defects
1 defect

M1-2

Upper

Left

6 LEH

4 defects

4 LEHs
5 Accentuated
lines

8 LEHs

MHNT

Béon 1

Montréal 1987

Pr. douvillei

MHNT

Béon 1

Béon SN73

Pr. douvillei

m1-2

Lower

Left

MHNT
MHNT
MHNT

Béon 1
Béon 1
Béon 1

Béon 1998 F1 2090 Pr. douvillei
Béon 9
Pr. douvillei
Béon 2003 SN 10
Pr. douvillei

P3?
M1-2
m3

Upper
Upper
Lower

Left
Right
Left

MHNT

Béon 1

Pl. mirallesi

6/7 2 LEHs
6 Aplasia
6/7 8 LEHs

2 defects
1 defect
4 LEHs

Associated

Béon 2002 E2 18

p4

Lower

Left

Béon 2002 E2 30

m1

Lower

Left

Béon 2002 E2 11

m2

Lower

Left

M1-2

2 defects: LEH 2 defects: LEH and
and some pits pit
8
/
/
2 defects: LEH and
6 Pits
pits

7

MHNT

Béon 1

Béon 267

Pl. mirallesi

Upper

Left

MHNT

Béon 1

Béon 2003 F1 17

Left

MHNT

Béon 1

Béon 1993

p4
Lower
Pl. mirallesi
Rhinocerotidae
Cheek tooth Upper
indet

4 LEHs
Pits
7 Pits

Left

6 Thinner enamel 2 defects

UM

Phosphorites
UM-ACQ-1531
du Quercy

C. cayluxi

m2

Lower

Left

6 LEH

UM

Phosphorites
UM-ACQ-1533
du Quercy

C. cayluxi

p4

Lower

Right

5

/

/

UM

Phosphorites
CF.24
du Quercy

C. cayluxi

M1

Upper

Right

5

/

/

UM

Phosphorites
CF.25
du Quercy

C. cayluxi

M1

Upper

Left

6

/

/

UM

Phosphorites
FL.2
du Quercy

C. cayluxi

M1

Upper

Left

6

/

/

UM

Phosphorites
FL.10
du Quercy

C. cayluxi

m3

Lower

Left

6

/

2 LEHs

UM

Phosphorites
FL.11
du Quercy

C. cayluxi

m2

Lower

Right

8

/

3 LEHs and pits

UM

Phosphorites
FL.13
du Quercy

C. minum

m1

Lower

Left

8

/

/

UM

Phosphorites
du Quercy

C. minum

M1

Upper

Left

6

/

Vertical hypoplasias

UM

Pech Crabit
(MP23; Lot,
France)

UM-PCT-1102

C. minum

m3

Lower

Left

2/3

/

2 slight LEHs

UM

Pech Crabit
(MP23; Lot,
France)

UM-PCT-1105

C. minum

P2

Upper

Right

5

/

/

Hung, 1989; Skinner & Goodman, 1992; McGrath et al.,
2018, 2021). Unfortunately, little is known about the timing of
dental development in rhinoceros, which makes correlation to
a precise age or duration impossible.
Previous studies interested in the microscopical detection
(optic, SEM, confocal or µCT scan) of hypoplasia defects
found similar results, with more defects and abnormalities
spotted with these approaches than with the naked eye (Hassett,

2 major defects
5 minor defects
4 defects

6

3 LEHs

/

2014; Marchewka et al., 2014). These differences between
macro- and micro-observations are less marked on cheek teeth
(premolars and molars), at least in hominoids, maybe because
only more major defects appear clearly on posterior teeth due to
the very acute striae of Retzius angles especially in hominoids
molar teeth, leading to relatively shallower defects on the tooth
surface (McGrath, pers. comm., 2021). This greater detection
is however constrained by the resolution of the µCT imaging
6
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(here with a voxel size of ~24-57 µm), and might still miss
minor defects (e.g., shallow defects in fast growing species ;
McGrath et al., 2021). Hassett (2014) also pointed out all the
limits of microscopic approaches, as these methods are timeconsuming, expensive, and they require specific analytical
tools, despite noting that they might become cheaper and more
accessible in the future and supplant naked eye. In this respect,
µCT scan investigation might not be as pertinent as previously
stated (Table 2).
For unobscured teeth (Béon 1 sample; positive control),
we did not detect any noticeable differences in the number
of defects recorded between the two methods. Moreover, we
suspect that some defects detected on virtual slices might not
really be hypoplasia, highlighting the over-detection risk at the
microscopic scale mentioned above (Hassett, 2014). In fact,
as no threshold to differentiate “normal” from pathological
enamel has been defined (Upex & Dobney, 2012; McGrath et
al., 2018, 2021), some observed features might only be natural
variations of the enamel thickness. Indeed, enamel deposition
is not a continuous nor constant process, and natural stops
occur periodically during amelogenesis leaving traces on the
enamel. This is for instance the case of cross-striations (daily
features) and Retzius lines (Tafforeau et al., 2007; O’Hara &
Guatelli-Steinberg, 2020). These “irregularities” at the enamel
surface might be confusingly interpreted as hypoplasia defects
although they might be normal variations of the amelogenesis
or “coronal waisting” (Skinner et al., 2012). Besides this issue,
the identification of the defect (LEH, pit, aplasia) is rarely
evident on virtual slices alone, and must be assessed either on
the physical specimen (naked eye) or on its 3D reconstruction.

Table 2. Comparison of micro-CT scan and naked eye methods for detecting
enamel hypoplasia. Cost range is given for local researchers and is based on
the rates proposed by several micro-tomography platforms in France (MRI
Montpellier, AniRA-ImmOs Lyon, AST-RX Paris). Scanning time is given for
isolated rhinocerotoid teeth.

Precision
Cost
Time (per tooth)

Sample size

Detection

CT‐scan

Naked eye

Very good
Possibility to measure width
and depth of the defects

Good
Width imprecise and
depth not measurable

~ 125 to 250 € / half day
None
But up to 600 € / acquisition
20min scan
< 5min / tooth
> 30min treatment
Limited due to time and cost
Possibility to include germs
within bone, unprepared teeth,
teeth with cement
Limited to availability
Physical size limitation
(depending on the chamber of
the CT‐scan)
Depending on resolution
Under‐detection risk

Concerning Cadurcotherium teeth, for which enamel surface
was hidden partly or totally by cement, micro-CT imaging
proved useful. Indeed, without µCT scan investigation,
these specimens would have been excluded from hypoplasia
investigation. For species displaying thick cement cover on
their teeth (e.g., derived elasmotheriines or equines among
perissodactyls; Antoine, 2002), this can be a critical issue as

Figure 5. 3D reconstructions and virtual slices of Cadurcotherium minum teeth from Phosphorites du Quercy (Oligocene, France) with hypoplasia defects highlighted. Virtual slices correspond to the plan indicated by green or blue lines (approximate position) and white arrows indicate hypoplasia events. 3D reconstructions of
specimen: A. FL.13 m1 left in lingual view (left) and labial view (right), and B. PCT 1105 P2 right in labial view (left) and lingual view (right). 3D reconstructions
and associated virtual slices of specimen: C. PCT 1102 m3 left with two LEHs, D. No number M1 left with vertical hypoplasias.
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Figure 6. 3D reconstructions and virtual slices of Cadurcotherium cayluxi teeth from Phosphorites du Quercy (Oligocene, France) with hypoplasia defects highlighted. Virtual slices correspond to the plan indicated by green or blue lines (approximate position) and white arrows indicate hypoplasia events. 3D reconstructions of
specimen: A. CF.25 M1 left in lingual view (left) and labial view (right) and B. FL.2 M1 left in labial view (left) and lingual view (right). 3D reconstructions and
associated virtual slices of specimen: C. CF.24 M1 right with strange enamel microstructure, D. FL.11 m2 right with 3 LEHs and pits observed on various virtual
slices, E. ACQ-1533 p4 right with strange enamel microstructure, F. FL.10 m3 left with 2 LEHs visible on virtual slice, and G. ACQ-1531 m3 left with a mascrocopical LEH and 3 LEHs identified on virtual slice.

sample size might be drastically reduced without the use of the
µCT scan (Table 2). For this kind of teeth, micro-CT imaging
and segmentation might be really helpful allowing to take into
account teeth presenting cement, obscured by sediment, or
included in bone (e.g., germs) in hypoplasia studies.
CONCLUSIONS
Using µCT scan has allowed for detecting additional
hypoplasia defects compared to naked eye identification on
Cadurcotherium cheek teeth, widely covered by coronary
cement. Conversely, no critical differences between naked
eye and µCT scan were found for our control sample, hence
not justifying the systematic use of µCT scan for hypoplasia
investigation. Thus, we would recommend the use of µCT scan

on restricted samples or on specific specimens only (e.g., teeth
obscured by cement, sediment, or unerupted), because of the
cost and time needed for such approach.
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