
INTRODUCTION

Differences  in  linear  enamel  thickness 
and pulp cavity dimensions have been tradition-
ally used to characterise the Neandertal dental 
structural condition with respect to the modern 
human one in terms of ontogeny, palaeobiology, 
dietary  habits,  and  palaeoenvironmental  con-
straints (Adloff, 1907; Gorjanović-Kramberger, 
1907,  1908;  Keith  &  Knowles,  1911;  Keith, 
1913;  Legoux,  1966;  Trinkaus,  1983;  Tillier 
et al.,  1989; Zilberman  et al.,  1992; Zilberman 
& Smith,  1992; Molnar  et al.,  1993;  Smith & 
Zilberman, 1994; Ramirez Rozzi, 1996; Grine, 
2004).   Most  of  the  observations  leading  to 
these interpretations rely on radiographic-based 
bidimensional  (2D)  estimates.  The increasing 
use in palaeoanthropology of microtomographic 
investigative techniques (µCT, SR-µCT) allow-
ing the noninvasive, high-resolution 3D model-
ling  and  quantitative  characterisation  of  the 
fossil  dental record discloses new perspectives 
in  this  research  domain  (e.g. Kono,  2004; 
Mazurier  & Macchiarelli,  2005;  Olejniczak & 
Grine,  2005;  Macchiarelli et al.,  2006,  2007, 
2008; Smith  et al., 2007a, 2007b, 2010; Bayle, 
2008a,  2008b;  Olejniczak  et al., 2008;  Bayle 
et al., 2009a, 2009b, 2010).

With special reference to the permanent 
molars, results from this new generation of mi-
crostructural studies show that Neandertals differ 
from  modern  humans,  notably  in  volumetric 
dental  tissue  proportions  (Macchiarelli  et al., 
2006, 2008; Olejniczak et al., 2008).  While the 
total  amount  of  enamel  is  comparable,  the 
Neandertal  enamel-dentine  junction  (EDJ)  is 
more  complex  and  the  dentine  volume  larger 
than the modern one (Macchiarelli  et al.,  2006; 
Skinner et al., 2008).  Consequently, Neandertal 
enamel is distributed over a larger dentine sur-
face,  thus  resulting  in  lower  average  enamel 
thickness values (Olejniczak et al., 2008).

While  preliminary  observations  on  de-
ciduous dental  elements confirm these observa-
tions (in Bayle, 2008a), it is noteworthy that only 
a few Upper Pleistocene specimens have been de-
scribed  so  far  for  the  inner  structure  of  their 
primary dentition, notably of the anterior arcade 
teeth  (Mazurier  &  Macchiarelli,  2005;  Mac-
chiarelli  et al., 2006, 2007; Bayle, 2008a, 2008b; 
Bayle et al., 2009a, 2009b, 2010; Toussaint et al., 
2010; Benazzi et al., 2011).

The  re-evaluation  of  the  odontoskeletal 
Neandertal collection from the cave of Betche aux 
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THE “VIRTUAL DENTITION” OF THE SPY VI CHILD
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Abstract

Spy VI  is  a  recently  recognised  Neandertal  immature  individual  from the  cave  of  Betche  aux Rotches,  Belgium 
(Rougier et al., 2004).  It is represented by four isolated deciduous teeth associated with two mandibular fragments (Crevecoeur 
et al., this volume: chapter XX-2).  In detail, the teeth consist of an upper right and a lower left central incisors (Spy 589a and 
592a, respectively), a lower right lateral incisor (Spy 594a), and a lower left canine (Spy 645a).  We investigated this new dental  
fossil material by means of advanced techniques of µCT-based 3D virtual rendering and subtle quantitative structural analysis.

With the only exception of the deciduous lower canine, the values of the total tooth volume displayed by Spy VI fit the 
estimates available for the Neandertal child of Roc de Marsal (MIS 5a, France) and largely exceed the modern human figures. In  
dental tissue proportions, while the Spy VI whole amount of tooth crown enamel is comparable to the modern condition, the  
dentine volume is systematically larger, a pattern typical of Neandertal teeth.  Another typical feature shared by all four Spy VI 
teeth is represented by the huge dimensions of their pulp cavities.
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Rotches, near Spy, Belgium (Fraipont & Lohest, 
1886, 1887), allowed the identification of the pre-
viously unrecognised remains of an immature indi-
vidual, labelled Spy VI (Rougier et al., 2004), rep-
resented by four isolated deciduous teeth associ-
ated with two mandibular fragments (Crevecoeur 
et al., this volume: chapter  XX-2).  In detail, the 
specimens represent:  an upper right  and a lower 
left central incisors (Spy 589a and 592a, respect-
ively), a lower right lateral incisor (Spy 594a), and 
a lower left canine (Spy 645a).  Based on extant 
maturational  reference  standards,  the  Spy VI 
dental  developmental  stage  points  to  an  age-at-
death of 16 ± 6 months (Crevecoeur  et al., 2010, 
this volume: chapter XX-2).

Here, we report the results from the “vir-
tual” investigation of this newly discovered dental 
material  from  Spy  generated  by  means  of 
advanced techniques of µCT-based 3D rendering 
and subtle quantitative structural analysis.  More 
specifically, for each dental element, we assessed 
the linear, surface, and volumetric proportions of 
its crown and root components (enamel, dentine, 
pulp), and also detailed the global and topographic 
enamel thickness variation, as well as the tooth-
specific enamel/dentine ratio.  Finally, despite the 
still meagre deciduous comparative record avail-
able  for this set  of virtual  dental  variables (see 
infra), we compared these results to the figures 
from the 2.5-3.0-year-old Neandertal child of Roc 
de  Marsal,  Dordogne,  France  (Bayle,  2008b; 
Bayle et al., 2009b), and to a recent modern refer-
ence sample (Bayle, 2008a, 2008b).

METHODS

The four  isolated  teeth  of  Spy VI  have 
been detailed in 2005 by using a SkyScan 1076 in 
vivo microtomograph set at the Micro CT Scan 
Research Group laboratory of  the University of 
Antwerp (Belgium).  Scans were realised accord-
ing to the following parameters: 100 kV, 100 µA 
current, 16 integrations/projection, and a projection 
each 0.7°. The final volume was reconstructed with 
an  isotropic  voxel  size  of  17.69 µm3 using  the 
software  NRecon v.1.3  (SkyScan).   In  order  to 
facilitate  processing  procedures,  the  resolution 
was  halved,  thus  leading  to  a  voxel  size  of 
35.38 µm3.

A  semi-automatic  segmentation  with 
manual corrections was carried out by means of 
AMIRA  v.4.1.2  (Mercury  Computer  Systems, 
Inc.)  and  Artecore  v.1.0  (NESPOS  Society). 
Threshold values between segmented compon-
ents were found according to the methodology 
developed by Spoor  & co-workers (1993), tak-
ing repeated measurements on different slices of 
the  virtual  stack  (Coleman  &  Colbert,  2007). 
For  individual  measurements,  crowns  were 
digitally isolated from roots (Olejniczak  et al., 
2008)  and  surface  rendering  was  performed 
using  triangulation  and constrained smoothing 
from  the  volumetric  data  (marching  cube 
algorithm; Lorensen & Cline, 1987).

The  following  12  linear,  surface,  and 
volumetric variables describing tooth tissue pro-
portions were digitally measured or calculated: 
Vt = total tooth volume (mm3); Ve = volume of 
the enamel cap (mm3); Vd = total volume of the 
dentine  (mm3);  Vp = total  volume of  the pulp 
(mm3);  Vcdp = volume  of  the  coronal  dentine 
(including the coronal aspect of the pulp cham-
ber)  (mm3);  Vcd = volume  of  the  coronal 
dentine  (excluding  the  coronal  aspect  of  the 
pulp  chamber)  (mm3);  Vcp = volume  of  the 
coronal  pulp  (mm3);  Vc = total  volume  of  the 
crown  (mm3);  Vcdp/Vc = percent  of  coronal 
volume that is dentine and pulp; Sedj = surface 
area  of  the  enamel-dentine  junction  (mm²); 
AET = average  enamel  thickness  (mm);  and 
RET = scale-free relative enamel thickness (for 
methodological  details,  see Kono,  2004; Mac-
chiarelli et al., 2006; Olejniczak et al., 2008).

For each crown, the 3D mapping of the 
enamel  thickness  topographic  distribution  was 
realised from the segmented enamel and crown 
dentine  components  by  means  of  AMIRA 
v.4.1.2 (Mercury Computer Systems, Inc.).  The 
relative  site-specific  thickness  variation  has 
been rendered by using a chromatic scale (thick-
ness increasing from dark blue up to red;  for 
methodological  details,  see Macchiarelli  et al., 
2007, 2008).

Intra- and inter-observer tests for accur-
acy of the measures were run by two observers 
(P.B. and an independent trained observer).  As 
a whole, recorded differences are less than 5 %, 
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which  is  compatible  with  previous  results  on 
similar sets of 2-3D virtually assessed variables 
(e.g.  Kono, 2004; Suwa & Kono, 2005; Olejn-
iczak & Grine, 2006).

In the comparative analysis, beside the 
record from the MIS 5a Neandertal child from 
Roc de Marsal (Bayle et al., 2009b), the recent 
human condition (RMH) is represented by the 
average  values  calculated  from  five  selected 
individuals of European origin aged 1.5-4 years, 

whose  unworn  deciduous  lower  dentition  has 
been  detailed  by  means  of  the  same  µCT 
analytical procedures (Bayle, 2008a).

RESULTS AND DISCUSSION

The virtually reconstructed four decidu-
ous  teeth  of  Spy VI  (Udi1  589a,  Ldi1  592a, 
Ldi2 594a, and Ldc 645a) are distinctly shown in 
Figure 1 to Figure 4 (lingual  aspect).   For each 
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Figure 1.  Virtual reconstruction and 3D rendering in lingual view of the Spy 589a upper right deciduous central 
incisor (Udi1).  a: enamel (in blue) and dentine; b: dentine after enamel removal; c: virtual filling of the pulp

cavity after removal of the surrounding tissues; d: enamel thickness topographic variation (stepped scale
ranging from “thin” dark blue to “thick” red); e (inset): enamel thickness topographic variation in

a same tooth-type recent human crown (scale code as in d).

Figure 2.  Virtual reconstruction and 3D rendering in lingual view of the Spy 592a lower left
deciduous central incisor (Ldi1). a-e as in Figure 1.

a b c d e

  0                          0.7 mm

1 mm

b c d ea

  0                         0.7 mm

1 mm
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tooth, the enamel (in blue) and the dentine (a), the 
dentine  after  enamel  removal  (b),  the  virtual 
filling of the pulp cavity after removal of the sur-
rounding  tissues  (c),  and  the  enamel  thickness 
topographic  variation  (d;  stepped  scale)  are 
rendered  separately  within  each  figure.   The 
enamel thickness mapping assessed for the same 
tooth-type  in  a  reference  recent  human  crown 
(same view and stepped scale) is also provided for 
comparison (inset e in top right corner).

As described by the 12 linear, surface, 
and volumetric selected variables, comparative 
dental  tissue  proportions  estimated  for  each 
tooth-type in  Spy VI,  Roc de Marsal 1  (RdM; 
Bayle, 2008a, 2008b; Bayle et al., 2009b), and a 
recent human reference sample (RMH average 
values; Bayle, 2008a) are shown in Table 1.

With the only exception of the Spy 645a 
deciduous lower canine, the values displayed by 
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Figure 3.  Virtual reconstruction and 3D rendering in lingual view of the Spy 594a lower right
deciduous lateral incisor (Ldi2). a-e as in Figure 1.

Figure 4.  Virtual reconstruction and 3D rendering in lingual view of the Spy 645a lower left
deciduous canine (Ldc). a-e as in Figure 1.

a b c d e

  0                           0.7 mm

1 mm

a b c d e

 0                                       0.8 mm

1 mm
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Spy VI for the total tooth volume (Vt) are close 
to (but more often higher than) the estimates of 
the Roc de Marsal  child,  and thus largely ex-
ceed the recent human condition.  In this specif-
ic comparative context, beside the possible ef-
fect of diagenetic factors, the pattern shown by 
Spy 645a  can  be  explained  by  its  relatively 
lower maturational degree with respect to both 
RdM and the modern specimens.  In  fact,  ac-
cording to the descriptive criteria for the decidu-
ous  calcification  stages  set  by  Liversidge  & 
Molleson (2004), while the Spy VI canine cor-
responds to stage “e” (where root formation is 

more than a spicule, but root length is less than 
crown height; Crevecoeur et al., 2010), those of 
RdM  and  RMH  fit  stages  “f”  or  “g”  (rooth 
length from incomplete, but greater than crown 
height,  to  almost  complete,  with  apical  edges 
parallel or slightly converging).

As  observed  in  other  similar  analyses 
performed  on  Neandertal  teeth  (Mazurier  & 
Macchiarelli,  2005;  Macchiarelli  et al.,  2006, 
2007; Bayle, 2008a, 2008b; Bayle et al., 2009a, 
2009b),  differences  in  relative  tissue  propor-
tions  (volumes)  between  Spy VI  and  Roc  de 
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Vt

(mm3)

Ve

(mm3)

Vd

(mm3)

Vp

(mm3)

Vcdp

(mm3)

Vcd

(mm3)

Vcp

(mm3)

Vc

(mm3)

Vcdp/Vc

(%)

Sedj

(mm²)

AET

(mm)
RET

U
d

i1

Spy VI 275.01 26.59 186.94 61.48 87.27 76.05 11.22 113.86 7793.21 0.29 6.43

RdM1 283.33 30.24 204.40 48.69 96.76 83.32 13.44 127.01 76 92.67 0.33 7.11

Spy VI / RdM 0.97 0.88 0.91 1.26 0.90 0.91 0.83 0.90 1.01 1.01 0.87 0.90

Mean RMH1 178.15 26.15 130.54 21.46 51.69 46.02 5.67 77.84 66 68.05 0.38 10.32

Spy VI / RMH 1.54 1.02 1.43 2.87 1.69 1.65 1.98 1.46 1.15 1.37 0.74 0.62

L
d

i1

Spy VI 143.29 16.05 100.40 26.85 39.18 34.04 5.15 55.23 71 61.06 0.26 7.74

RdM1, 2, 3 125.35 12.72 100.63 12.00 40.61 37.24 3.38 53.33 76 49.97 0.25 7.41

Spy VI / RdM 1.14 1.26 1.00 2.24 0.96 0.91 1.52 1.04 0.93 1.22 1.03 1.04

Mean RMH1 73.04 12.45 53.46 7.13 16.59 14.63 1.95 29.04 58 33.42 0.38 14.78

Spy VI / RMH 1.96 1.29 1.88 3.77 2.36 2.33 2.64 1.90 1.22 1.83 0.70 0.52

L
d

i2

Spy VI 175.10 20.91 111.83 42.36 44.55 40.27 4.28 65.46 68 63.92 0.33 9.23

RdM1, 2, 3 159.01 18.49 123.04 17.48 44.47 40.55 3.92 62.96 71 62.55 0.30 8.34

Spy VI / RdM 1.10 1.13 0.91 2.42 1.00 0.99 1.09 1.04 0.96 1.02 1.11 1.11

Mean RMH1 94.66 18.58 65.23 10.85 21.06 18.65 2.42 39.65 53 43.77 0.43 15.68

Spy VI / RMH 1.85 1.13 1.71 3.90 2.11 2.16 1.77 1.65 1.27 1.46 0.76 0.59

L
d

c

Spy VI 166.28 25.52 68.08 72.68 76.87 49.79 27.08 102.39 75 85.51 0.30 7.02

RdM1, 2, 3 281.37 33.16 187.56 60.65 79.57 70.35 9.22 112.73 71 88.19 0.38 8.74

Spy VI / RdM 0.59 0.77 0.36 1.20 0.97 0.71 2.94 0.91 1.06 0.97 0.79 0.80

Mean RMH1 186.05 32.49 122.55 31.01 48.51 44.25 4.26 81.00 60 65.23 0.50 13.84

Spy VI / RMH 0.89 0.79 0.56 2.34 1.58 1.13 6.35 1.26 1.25 1.31 0.60 0.51

Table 1.  Virtually assessed linear, surface, and volumetric estimates and dental tissue proportions of the Spy VI de-
ciduous teeth (Udi1, Ldi1, Ldi2, Ldc) compared to those of the Neandertal child from Roc de Marsal (Bayle, 2008a, 
2008b; Bayle et al., 2009b) and to the average values calculated from five recent individuals (RMH; Bayle, 2008a). 
Vt = total tooth volume (mm3); Ve = volume of the enamel cap (mm3); Vd = total volume of the dentine (mm3); 
Vp = total volume of the pulp (mm3); Vcdp = volume of the coronal dentine (including the coronal aspect of the pulp 
chamber) (mm3); Vcd = volume of the coronal dentine (excluding the coronal aspect of the pulp chamber) (mm3); 
Vcp = volume of the coronal pulp (mm3); Vc = total volume of the crown (mm3);  Vcdp/Vc = percent of coronal 
volume that is dentine and pulp; Sedj = surface area of the enamel-dentine junction (mm²); AET = average enamel 

thickness (mm); RET = scale-free relative enamel thickness. 1Bayle, 2008a; 2Bayle, 2008b; 3Bayle et al., 2009b.
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Marsal 1,  on  one side,  and  the  modern  human 
condition represented by the comparative sample 
included in this study (RMH) are not homogen-
eously  distributed  among  enamel,  dentine,  and 
pulp.   In  fact,  while  the  indicators  of  average 
(AET) and relative (RET) enamel thickness sys-
tematically show thinner Neandertal enamel, the 
absolute volumes (Ve) are similar (Table 1).

The comparative enamel thickness car-
tographies shown in Figure 1 to Figure 4 (d vs. 
inset e) clearly illustrate the extent of the differ-
ences  between  Spy VI  and  a  recent  human 
counterpart.  While global distribution patterns 
overlap  (relatively  thinner  and  thicker  areas 
tend  to  correspond),  site-specific  quantitative 
differences in enamel thickness distribution are 
evident.

Conversely,  except for the still  incom-
pletely  developed  Spy 645a  lower  canine, 
dentine (Vd) and pulp volumes (Vp) are signi-
ficantly larger in Spy VI and RdM (for estim-
ates on permanent Neandertal molars, see Mac-
chiarelli  et al.,  2006,  2008;  Olejniczak  et al., 
2008;  Bayle  et al.,  2009b,  2010;  Toussaint 
et al., 2010; Benazzi  et al., 2011).  In Table 1, 
this pattern can be clearly observed by compar-
ing  the  estimates  of  the  percent  of  coronal 
volume that is dentine and pulp (Vcdp/Vc), the 
values ranging from 68 % to 77 % in  the two 
Neandertal individuals and from 53 % to 66 % 
in the comparative modern sample.

Even in respect to the child of Roc de 
Marsal, the most remarkable feature displayed by 
the Spy VI teeth is likely represented by the gen-
eralised  huge  dimensions  of  their  pulp  cavities 
(Vp and Vcp in Table 1; see also c and d in Fig-
ure 1 to Figure 4), which are clearly reminiscent 
of the high degree of  taurodontism traditionally 
reported in  Neandertal  decidous  and permanent 
cheek teeth (Keith, 1913; Blumberg  et al., 1971; 
Mena,  1971; Grine & Klein,  1985; Constant  & 
Grine, 2001).  With special regard to the Neander-
tal  primary  dentition,  while  this  condition  had 
been already described for the molars (e.g. Zilber-
man  et al., 1992; Smith & Zilberman, 1994), to 
the best  of  our knowledge, it  had not  yet  been 
reported for the front teeth (see Vallois, 1957 for a 
report on a permanent front tooth).

CONCLUDING REMARKS

The radiographic analysis of 25 Neander-
tal and 91 modern molar teeth performed by Zil-
berman & co-workers (1992) represents the most 
extensive study realised so far on deciduous dental 
tissue proportions of Upper Pleistocene and Holo-
cene humans.  Accordingly,  with respect to the 
modern condition, Neandertals show comparable 
dentine  heights,  but  lower  enamel  heights  and 
widths, and greater enamel to floor of pulp cham-
ber and pulp heights and widths (Zilberman et al., 
1992).   Nonetheless,  more  recent  3D  analyses 
show that a direct 2D comparison of enamel and 
dentine  heights  that  does not  take  into account 
volumetric differences does not fully reflect tooth 
structural  complexity  (Macchiarelli  et al.,  2006, 
2007; Olejniczak et al., 2008).

Present evidence from the Spy VI anterior 
“virtual  dentition”,  as well  as from the Roc de 
Marsal child (Bayle, 2008a, 2008b; Bayle  et al., 
2009b) and other Neandertal front teeth (Mazurier 
& Macchiarelli,  2005; Macchiarelli  et al.,  2007; 
Bayle, 2008a), fits the pattern described on larger 
quantitative  ground  for  the  deciduous  and  per-
manent  Neandertal  molars  (Macchiarelli  et al., 
2006,  2008;  Bayle,  2008a,  2008b;  Olejniczak 
et al.,  2008;  Bayle  et al.,  2009a,  2009b,  2010; 
Toussaint et al., 2010; Benazzi et al., 2011).  As a 
whole, compared to modern teeth, both posterior 
and anterior Neandertal crowns are characterised 
by  a  bulky  dentine  associated  to  comparable 
enamel volumes.

Results  from  Spy VI  also  show  the 
poorly known (or at least yet to be quantified; 
see Vallois, 1957) “taurodontic” morphology of 
the Neandertal anterior teeth, a structural feature 
which is in accordance with their proportionally 
large  external  linear  measurements  and  global 
volume  (e.g.  Brace  &  Mahler,  1971;  Frayer, 
1978;  Wolpoff,  1979;  Trinkaus,  1983;  Mac-
chiarelli  & Bondioli,  1986).   The extension of 
this feature in the Neandertal dental record and 
its  chrono-geographical  variation  range  should 
deserve greater attention in the future.

Together  with  some  differences  in 
external crown and root morphology and general 
tooth size, since the first stages of their growth, 
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Neandertal teeth show an inner structural organ-
isation which differs from that characteristic of 
anatomically  modern  humans  (Bayle et al., 
2009a,  2010;  Benazzi  et al.,  2011).   While 
direct/indirect  relationships  with  a  number  of 
factors, such as specific developmental mechan-
isms and trajectories (e.g.  Suwa & Kono, 2005; 
Macchiarelli  et al.,  2006;  Smith  et al.,  2007b, 
2010, 2011; Bayle, 2008a, 2008b; Bayle  et al., 
2009a,  2009b),  and/or,  for  example,  ecological 
constraints  or  dietary  specialisations  (e.g. 
Richards  et al., 2001) are certainly possible, the 
adaptative  nature  of  these  differences  awaits 
future research.  In  this perspective, it  is  likely 
that deciduous teeth will  be major protagonists 
(Macchiarelli & Bailey, 2007).
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