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Abstract (200 words): 26 

This contribution presents the first application of micro-computed tomography (µCT) to study 27 

pathological mineral defects associated with the vitamin D deficiency, namely interglobular 28 

dentine (IGD), within the mineral matrix of archaeological teeth from three French medieval 29 

cases. To date, such an approach has only been used once in a clinical setting. Through this 30 

work, we evaluate potential benefits of this alternative approach and the contribution such work 31 

could make to anthropological debates, through analysis of rare teeth of human or non-human 32 

fossils or teeth of individuals where more destructive techniques cannot be applied.  33 
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1. The importance of Vitamin D deficiency detection in the past populations 34 

 35 

Vitamin D plays a fundamental role in the metabolism of calcium and phosphorus in the 36 

body, thus its optimal serum level is critical for good bone and dental health (Foster et al., 2014, 37 

Wang, 2009). Its concentration in an organism is dependent on synthesis in the skin upon 38 

exposure to the ultraviolet radiation (UV-B) of sunlight (Jablonski and Chaplin, In press) and 39 

to a lesser extent nutritional intake. Prior to the development of fortified foods, lack of skin 40 

exposure to UVB would have been the main reason for deficiency (Jones, In press). Both 41 

environmental and social conditions play a role in achieving optimal health (Brickley et al., 42 

2014). 43 

A severe vitamin D deficiency can lead to rickets and osteomalacia, both characterised 44 

by poor mineralisation of bone resulting in bone deformities. Traditionally, in palaeopathology, 45 

macroscopic analysis of bone lesions in an active or healed state has been the only way to 46 

identify vitamin D deficiency (Mays et al., 2006) and various limitations have been highlighted 47 

(Brickley et al., 2010, Brickley et al., In press). Recently, D'Ortenzio et al. (2016) demonstrated 48 

in archaeological populations the presence of a microscopic histological sign in the teeth of 49 

individuals suffering from even slight vitamin D deficiency: interglobular dentine (IGD), a 50 

dentine mineralization defect. In cases where skeletal evidence of previous episodes of rickets 51 

may be missed, the histological examination of tooth thin sections to detect IGD can provide 52 

information on the number, timing, and severity of episodes of deficiency (D'Ortenzio et al., 53 

2016). 54 

 55 

Today, despite increased understanding and availability of supplements and fortified 56 

foods, vitamin D deficiency is still a major public health problem and affects approximately 57 

15% of the population worldwide (Huh and Gordon, 2008). Thus, we might also expect cases 58 

of rickets to be present in many past communities (see Brickley et al., 2017). Vitamin D 59 

synthesis is at the centre of the debate about the evolution of skin colour (Jablonski and Chaplin, 60 

In press) and variations exist in its synthesis among primates (Ziegler et al., 2015). It is thus a 61 

useful means to identify vitamin D deficiency in both non-human primates and all members of 62 

the human lineage.  63 

For a wide range of reasons, but especially curatorial ones, there are many teeth in the 64 

world for which no permission to section or sample will ever be given. The rarity of human 65 

fossils is the reason why destructive work is very uncommon. Also, collections of identified 66 

skeletons, such as the Robert J. Terry anatomical collection (Hunt and Albanese, 2005) in the 67 

USA (Smithsonian Institution’s National Museum of Natural History, Washington D.C.) or 68 

similar collections in Europe such as the Luís Lopes collection (Cardoso, 2006) in Portugal 69 

(Bocage Museum, Lisbon) have important scientific value because much information about the 70 

deceased is known (e.g. age at death, sex, pathological conditions, profession). The 71 

development of new methods of individual identification (e.g. estimation of age and sex) is 72 

based on these types of collections and, as the teeth are very useful for age estimation, there is 73 

a ban on destructive work. 74 

The histological detection of IGD involves production of thin sections that permanently 75 

damage the tooth. In contrast, micro-computed tomography (µCT) is a useful X-ray technique 76 

for archaeological human remains because it does not damage the material investigated 77 
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(Coqueugniot et al., 2015), nor does it affect the preservation of ancient DNA (aDNA) (Immel 78 

et al., 2016). Moreover, this investigative method has been popularized over the last decade and 79 

has become quite common in archaeological science research on teeth, for example in the 80 

quantification of dental size and tooth morphology (Benazzi et al., 2011), or characterization of 81 

tooth microstructure (Tafforeau and Smith, 2008).  82 

 83 

To our knowledge, only one clinical study has used µCT analysis for the identification 84 

of IGD in modern teeth (Ribeiro et al., 2015), and to date this methodology has not been applied 85 

to archaeological remains. This paper will focus on the evaluation of how µCT analyses of teeth 86 

can contribute to detecting IGD in three archaeological examples and assess the advantages and 87 

limitations of the use of µCT.  88 

 89 

2. Material and Methods 90 

 91 

Four teeth from three archaeological individuals were analysed for this research (see 92 

Table 1). We first selected a permanent lower right first incisor (RI1) and a lower right canine 93 

(RC1) of individual SJ892, who presents both bone and dental signs of severe vitamin D 94 

deficiency (Figure 1a, b) and comes from the medieval cemetery (A.D. 1225-1798) associated 95 

with the church of Saint-Jacques in Douai, France (Table 1). The second and third cases come 96 

from the cemetery of Saint-Étienne de Toulouse, France (11th-13th centuries A.D.). We 97 

selected the permanent lower left first molar (LM1) of individual STE15, which only shows 98 

dental changes potentially related to vitamin D deficiency (Figure 1b, Table 1), and the 99 

permanent upper left first molar (LM1) of individual STE311 showing neither radiological nor 100 

macroscopic signs of rickets (Figure 1b, Table 1).  101 

 102 

[Figure 1, here, 1.5 columns] 103 

 104 

All the four selected teeth were analysed. The same tooth was analysed with µCT and 105 

histology for individuals STE15 and STE311. For SJ892, RI1 was µCT-scanned and RC1 was 106 

used for histology. The RC1 for individual SJ892 had been sectioned for a previous study and 107 

found to contain clear evidence of grade 3 IGD (D'Ortenzio et al., 2016). Because vitamin D 108 

deficiency is a systemic condition all developing teeth will be affected, so we selected a tooth 109 

(RI1) for µCT analysis that forms at approximately the same time (Hillson, 1996). 110 

 111 

The teeth RI1 of SJ892, LM1 of STE15 and LM1 of STE311 were µCT-scanned with a 112 

GE v|tome|x S at a resolution of 11 µm (acquisition parameters: 140 kV, 110 µA, 2550 113 

projections, 360°, 500 ms, frame averaging of 3, 0.1 mm copper filter). Then, µCT images of 114 

the teeth were analysed with Avizo 8.0 software to identify the presence or absence, and, if 115 

relevant, the number IGD episodes.  116 

 117 

Table 1: Characteristics of individuals and teeth selected for comparison between µCT and histological 118 
analyses in the detection of interglobular dentine (F: Female, U: Unknown sex, L: left, R: right). Bone or 119 
dental signs associated with rickets are diagnosed following respectively Brickley et al. (2010) and D'Ortenzio 120 
et al. ( In press) 121 
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 122 

After, the µCT phase, RC1 of SJ892, LM1 of STE15 and LM1 of STE311 were prepared 123 

for histological analysis. They were sectioned through the mesio-distal plane with a precision 124 

sectioning saw (Buehler IsoMet 1000) and thin sections of 100 µm thickness were lapped, 125 

polished and mounted on a glass microscope slide with UV activated adhesive. Thin sections 126 

were examined for IGD presence or absence using an Olympus BX51 digital microscope. IGD 127 

in thin sections was scored following the severity scale set out in D'Ortenzio et al. (2016) from 128 

Grade 0 (absence of IGD) to Grade 3 (>75% of the area observed are IGD). In addition, because 129 

IGD follows the incremental growth of dentine, we estimated the age when the deficiency 130 

event(s) occurred based on the tooth developmental charts of Moorrees et al. (1963). 131 

 132 

3. Results 133 

 134 

SJ892 had clear skeletal indicators of rickets, and IGD was observed in both µCT and 135 

histological thin-sections (Table 2). However, µCT images showed two separate lines of IGD 136 

in the coronal dentine (Figure 2a-b), whereas the histological image showed a single band of 137 

IGD. Closer examination following evaluation of µCT data revealed two distinct lines of grade 138 

3 IGD (top and bottom of the IGD band) with less severe IGD in the mid-section of the band, 139 

suggesting it was likely part of the same episode occurring between 1 and 2 years of age 140 

(Figure 2c). The difference in the number of IGD lines observed could be due to the individual 141 

experiencing long-standing deficiency that included a period when the deficiency was less 142 

severe (such as seasonal variation), but only the more severe period of deficiency appeared on 143 

µCT (observed as two separate bands of IGD), suggesting that µCT may not always pick up 144 

less severe cases of IGD.  145 

 146 

[Figure 2, here, 2 columns] 147 

 148 

STE15 did not display skeletal indicators of rickets, but the M1 was selected for analysis 149 

as evaluation of X-rays of the LM1 revealed a ‘chair-shaped’ pulp chamber in the M1 that could 150 

be linked to deficiency during pulp chamber initiation (D'Ortenzio et al., In press) (See Table 151 

2). Histological examination of the tooth showed very slight IGD histologically (< grade 1) (See 152 

Figure 3d), which may have formed in naturally occurring spaces in the dentine matrix that 153 

Archaeological 

Context 

Individual Sex Age-at-

death 

(years) 

Potential signs of rickets Tooth 

selected  Bonea Dentalb 

Saint Jacques church, 

Douai (France) 

A.D. 1225-1798 

SJ892 F 20+ Sequelae of 

rickets: bowing of 

both left and right 

tibiae and fibulae 

Pulp chamber 

morphology 

changes of the 

left M1 

RI1 

RC1 

Saint-Étienne de 

Toulouse (Toulouse, 

France) 

 Funerary occupation: 

11th-13th centuries A.D. 

(De Filippo R. et al., 

1986, De Filippo R. et 

al., 1988) 

STE15 U 19-21 None Pulp chamber 

morphology 

changes 

LM1 

STE311 U 4-6 None None LM1 
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occurred while the tooth was developing (D’Ortenzio et al., 2018). Deficiency that is less than 154 

grade 1 is not severe enough to cause pulp chamber changes (D'Ortenzio et al., In press) 155 

confirming that the absence of µCT identification of IGD is due to absence of a deficiency 156 

event. Morphological changes of the pulp chamber in the M1 are likely due to reparative 157 

secondary dentine deposition caused by severe dental wear of the enamel (see D’Ortenzio et 158 

al., 2016: Supplementary Data). 159 

 160 

Table 2 – Results of interglobular dentine detection with µCT and histological analyses (DIGD: 161 
developmental IGD). 162 

 163 

[Figure 3, here, 2 columns] 164 

 165 
STE311 presents no skeletal signs of rickets or morphological changes of the pulp 166 

chamber on x-ray assessment, but shows one layer of IGD under the crown. This deficiency 167 

event is identified in both µCT (Figure 4a-c) and histological images (Figure 4d) and occurred 168 

at the age of 1 year (Table 2). The age of the vitamin D deficiency is consistent with the absence 169 

of changes in pulp chamber morphology since pulp chamber formation has not yet been initiated 170 

at this young age. µCT images show the same severity of deficiency as the histological thin 171 

section, with a grade 1+ of IGD. This case illustrates how µCT analysis can reveal a deficiency 172 

event which has not been highlighted by either bone macroscopic or radiographic analyses. 173 

 174 

[Figure4, here, 2 columns] 175 

 176 

4. Discussion  177 

 178 

For the first time, micro-computed tomography has been used to detect tooth defects 179 

linked to vitamin D deficiency in archaeological skeletons. Evaluation of teeth from the three 180 

individuals considered here illustrates how µCT can be useful for IGD detection and the study 181 

of vitamin D deficiency in past populations. 182 

As we have seen for these archaeological samples, in addition to its many other uses, 183 

µCT images also permit analysis of the internal structures of human remains and, in our cases, 184 

pathological tooth microstructure, in a detail similar to what is required in histological analysis, 185 

as previously demonstrated for bone microarchitecture (Fajardo et al., 2002). Indeed, IGD, 186 

when it is linked to deficiency, is due to unfused minerals of dentine that produce a void within 187 

the mineral matrix. Thus, IGD has the potential to be identified by µCT analysis due to 188 

differences in the density of material that, in turn, leads to differences in X-ray absorption. 189 

Consequently, IGD, as a void, should appear as a small black area on µCT images due to its 190 

effects on grey values (Ribeiro et al., 2015).  191 

Individual 
IGD detection 

Number/approximate 

period of time of IGD events 
Age at 

deficiency 

(years) 

Histological 

grade 
µCT histology µCT histology 

SJ892 Yes Yes 2 1 1 - 2 1 to 3 

STE311 Yes Yes 1 1 1 1+ 

STE15 No Yes 0 1 0.5 DIGD 
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STE15, in which potential radiological features of deficiency and small amounts of 192 

developmental IGD were present, illustrates both the advantages and limits of µCT. We identify 193 

three possible reasons why this small amount of IGD is not detectable with µCT: (1) 194 

developmental IGD (DIGD) does not have the same characteristics and is not detected with 195 

µCT. Developmental IGD is an imperfectly calcified dentine situated near the dentinal 196 

periphery that does not follow the incremental lines. DIGD can be mistaken for low grade IGD, 197 

but its location, size, and amount indicate that these abnormalities are natural anomalies that 198 

occurred during the development of the tooth (D’Ortenzio et al., 2018). It seems likely that µCT 199 

assessment may avoid the problem of having to differentiate developmental IGD because the 200 

defects produced in dentine are too small to be visible on µCT at the resolution level used here. 201 

(2) It is possible that IGD produced by deficiency could not be identified with µCT because of 202 

reparative dentine formation due to occlusal wear, but a severe deficiency should leave 203 

mineralisation defects. (3) Finally, a technical reason is also possible to explain the differences 204 

in what is seen using histology and µCT. A histological thin section is 100 µm thick, whereas 205 

a µCT slice is 11 µm thick. Thus, the histological section is almost 10 times thicker than the 206 

µCT slices and comparatively contains the information of almost 10 µCT slices superimposed. 207 

Thereby, the non-detection of really slight IGD degree with µCT could be resolved by using a 208 

better µCT resolution (lower than 11µm), but it is likely that for most investigations not seeing 209 

this detail would be an advantage. 210 

The µCT analyses share with histological analysis the advantages of detecting vitamin D 211 

deficiency events with different severities that are not observable in bones or on X-ray analysis. 212 

They permit the identification of the number of deficiency events experienced by individuals 213 

during the developmental period. Moreover, the individual age when these events occurred can 214 

be estimated. These signs are useful in the osteological assessment of individual health status. 215 

The fact that, to date, IGD lower than grade 1 seems to be poorly or not detected at all with 216 

µCT may be used as an advantage as it appears likely that developmental IGD is unlikely to be 217 

picked up with µCT. However, failure to pick up lower grades could result in misinterpretation 218 

of the pattern of vitamin D deficiency. For example, SJ892 µCT showed two episodes of 219 

deficiency whereas histological analysis revealed there was a longer period of deficiency that 220 

was less sever (grade 1). 221 

µCT, in addition to being non-destructive, permits the detection of IGD in all three 222 

dimensions. Thus, by exploring all of the dentine, µCT offers researchers the absolute certainty 223 

that no IGD event has been missed, and the capacity to add to understandings of the occurrence 224 

and timing of pathological changes. µCT also permits analysis of tooth microstructures that 225 

lead to better understanding of the timing of deficiency, when a deficient episode begins and 226 

when the period of deficiency ends. As it is now been demonstrated that µCT highlights IGD 227 

layers, it will be also possible to model them in 3D, avoiding the approximation or estimation 228 

required of a 2D image, as well as to precisely quantify them to improve the IGD severity 229 

scoring method. 230 

 231 

5. Conclusion 232 

 233 

Vitamin D deficiency is experienced by numerous populations through time and across 234 

geographic space, and especially in individuals not adapted to their environment or with cultural 235 
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practices limiting vitamin D production in the skin (Brickley et al., 2017). Thus, detection of 236 

vitamin D deficiency through analysis of IGD in past populations can aid the understanding of 237 

social practices, dietary habits, and environmental conditions. Up to the present time cutting 238 

teeth was a major obstacle to the study of rare human and non-human skeletal remains. With 239 

µCT analysis, restrictions regarding destructive analysis are no longer an obstacle. µCT analysis 240 

to detect IGD and to discuss vitamin D deficiency represents a compelling alternative to the use 241 

of histological methods. 242 
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Figure 1: Bone and dental features associated with the presence or absence of vitamin D deficiency in the 322 
three individuals analysed. (a) Abnormal bowing of the left and right tibiae and fibulae of individual SJ892 323 
highlighting the appearance of residual rickets, (b) pulp chamber morphological changes potentially linked 324 
to rickets in individuals SJ892 and STE15 (white arrows) in comparison with STE311 showing normal pulp 325 
chamber shape.  326 

 327 

  328 
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Figure 2: Comparison between µCT appearance for the SJ892 lower right first incisor and histological 329 
appearance for the SJ892 lower right canine. (a) Detail of the µCT coronal slice, (b) Detail of the µCT 330 
sagittal slice, white arrows show the two layers of IGD. (c) Histological image, orange circles indicate the 331 
IGD areas. 332 

 333 

  334 
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Figure 3: Comparison between µCT and histological for the STE 15 lower first left molar. (a) Coronal 335 
view, (b) sagittal view and in detail in the orange square, (c) longitudinal view. (d) Histological image, 336 
white arrows indicate IGD. 337 

 338 

  339 
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Figure 4: Comparison between µCT and histological appearance of the STE 311 upper first left molar. (a) 340 
Coronal view and in detail (orange square) of the tooth with IGD, (b) sagittal view and in detail (orange 341 
square) of the tooth with IGD, (c) longitudinal view and in detail (orange square) of the tooth with IGD 342 
white arrows indicate IGD. (d) Histological image, white arrows indicate IGD. 343 

 344 


