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Humans have an unusual life history, with an early weaning age,
long childhood, late first reproduction, short interbirth intervals,
and long lifespan. In contrast, great apes wean later, reproduce
earlier, and have longer intervals between births. Despite 80 y of
speculation, the origins of these developmental patterns in Homo
sapiens remain unknown. Because they record daily growth during
formation, teeth provide important insights, revealing that austral-
opithecines and earlyHomo hadmore rapid ontogenies than recent
humans. Dental development in later Homo species has been in-
tensely debated, most notably the issue of whether Neanderthals
and H. sapiens differ. Here we apply synchrotron virtual histology
to a geographically and temporally diverse sample ofMiddle Paleo-
lithic juveniles, including Neanderthals, to assess tooth formation
and calculate age at death from dental microstructure.We find that
most Neanderthal tooth crowns grew more rapidly than modern
human teeth, resulting in significantly faster dental maturation. In
contrast, Middle Paleolithic H. sapiens juveniles show greater sim-
ilarity to recent humans. These findings are consistent with recent
cranial and molecular evidence for subtle developmental differen-
ces between Neanderthals and H. sapiens. When compared with
earlier hominin taxa, both Neanderthals and H. sapiens have ex-
tended the duration of dental development. This period of dental
immaturity is particularly prolonged in modern humans.

hominin ontogeny | human evolution | modern human origins | tooth
growth | biological rhythm

Reconstructing the evolution of human development from
a severely limited fossil record is a fundamental challenge (1).

Dental remains have figured prominently in debates over hominin
ontogeny for decades, as they are frequently recovered in fossil
assemblages and represent a reliable index of maturity. Moreover,
when considered across the Primate order, dental eruption ages
are broadly correlated with several life history events (e.g., ages at
weaning and first reproduction) and physical attributes (e.g., body
and brain mass) (2, 3; but see refs. 4–7). Variation among primate
life histories has primarily been ascribed to differential mortality
rates, as well as ecological niches, lifestyles, social complexity,
cognitive development, or a combination of these factors (4, 5, 8).
Although is it well established that humans are developmentally
unique among living primates (9), weaning earlier and reproducing
later than expected, the adaptive significance and evolutionary
origins of our prolonged childhood are unresolved (1, 9–11).
Tooth histology, involving quantification of microscopic growth,

is the most effective means of determining developmental rates,
eruption ages, and age at death in juvenile hominins (12–15).
Studies of dental growth have revealed that Pliocene to Early
Pleistocene hominin ontogeny was more rapid than that of recent
humans (12, 16, 17), but data from limited Neanderthal samples

continues to be vigorously debated (7, 13, 18). A paucity of in-
formation on dental development in hominins postdating Homo
erectus, coupled with conflicting interpretations of Neanderthal
ontogeny, complicates assessment of themodern human (fossil and
recent Homo sapiens) and Neanderthal ancestral condition. To
address these limitations, we apply synchrotron imaging to quantify
dental development and age at death in the largest sample of
Neanderthal and fossil H. sapiens juveniles studied to date (Fig. 1,
Table 1, and Movie S1). Furthermore, we reevaluate results
obtained from single juveniles of both taxa (13, 14) and contrast
these expanded samples with radiographic and histological data
from recent human populations. Although traditional histological
methods are destructive, generally prohibiting comprehensive
studies of rare fossil material, recent advances in synchrotronX-ray
imaging now permit accurate 3D virtual histology (19, 20). This
nondestructive method enables us to assess internal records of
dental development in key hominin fossils spanning a range of
ontogenetic stages, geographic sources, and geological ages.
Studies of hominin dental growth rely on the fact that tooth

crowns and roots form through rhythmic cellular activation and
secretion, producing a permanent record of mineralized growth
layers in enamel and dentine (reviewed in ref. 15; explained fur-
ther in SI Appendix). Importantly, counts and measurements of
these progressive short- (daily) and long-period (> daily) incre-
ments yield rates of secretion and extension, allowing crown and
root formation time estimation. Moreover, the remarkable pro-
duction of a line coincident with birth in permanent first molars
(M1s) allows developmental time to be registered with an indi-
vidual’s actual age. When this neonatal line can be identified and
subsequent development assessed from enamel and dentine
increments, age at death may be estimated to within 5% of an
individual’s true age (21–23). This histological approach is a sub-
stantial improvement over the nearly ubiquitous application of
recent human or ape developmental standards to age juvenile
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hominins. Thus, independent chronologies can now be precisely
developed from individuals who died while forming their denti-
tions, avoiding circular comparisons with living taxa, and per-
mitting statistical assessment of ontogenetic variation.

Results and Discussion
To calculate crown formation time, molar eruption age, and age at
death, we quantified the following standard developmental varia-
bles: cuspal enamel thickness, long-period line periodicity (num-
ber of daily increments between successive long-period lines), total
number of long-period lines in enamel (Retzius lines or peri-
kymata), and coronal extension rate (speed at which enamel-
forming cells are activated to begin secretion along the enamel-
dentine junction) in 90 permanent teeth from 28Neanderthals and
39 permanent teeth from 9 fossil H. sapiens individuals (Materials
and Methods and SI Appendix). These data were compared with
464 recent human teeth (> 300 individuals). This sample reveals
that cuspal enamel is significantly thinner in Neanderthals than in
recent humans for 10 of 14 tooth-specific comparisons (SI Ap-
pendix, Tables S1 and S2). Importantly, thinner cuspal enamel in
Neanderthals formed over shorter periods than recent humans, as
mean cuspal secretion rates are nearly identical in both taxa (12,
18, 24). Cuspal thickness in fossil H. sapiens is similar to that of
recent humans, although certain postcanine teeth have thicker
enamel in the fossil sample. The average Neanderthal long-period
line periodicity is 7.4 d (range: 6–9; mode: 7–8; n = 11), which is
significantly lower (Z = −2.863, P < 0.01) than in recent humans
(mean: 8.3 d; mode: 8; range: 6–12; n = 365), but not statistically
different from fossil H. sapiens (mean: 8.0 d; mode: 7–8; range:
7–10; n = 5) (SI Appendix, Table S3). Total numbers of Neander-
thal long-period lines are similar to recent humans (SI Appendix,
Table S4), as previously noted for a larger sample (25). Coronal
extension rates are higher inNeanderthals (SIAppendix, Table S5),
exceeding recent human ranges in 10 of 13 comparisons (Fig. 2).
Thus, thinner enamel, lower long-period line periodicities, and
faster extension rates result in lower crown formation times in
Neanderthals than in recent humans (SI Appendix, Table S6).
Crown formation times in fossilH. sapiens aremore similar to recent
humans than to Neanderthals, exceeding recent human values in
some instances (14).
Combining histological data on initiation ages, crown formation

times, and root formation times yields age-at-death estimates
for six Neanderthal and two fossil H. sapiens juveniles (Table 1).
To assess how these individuals compare with a recent human
ontogenetic model, calcification stages of each tooth were scored
(Materials and Methods and SI Appendix, Table S7), stages were
converted to mean human ages (following ref. 26), and these ages
were averaged across each dentition to yield age at death. Com-
parisons of our histologically determined ages with ages predicted
from recent humans demonstrate that most of the Neanderthal
dentitions we examined grew more rapidly than recent and fossil
H. sapiens (Fig. 3). A significant difference (L= 8.166 at α= 0.05)
exists between the slopes of Neanderthal (1.41) and recent human
(0.93) dental trajectories. Recent human dental standards over-
estimate age at death in several Neanderthals, but these same
standards either accurately predict or underestimate age at death
in living and fossil H. sapiens. Variation within formation times or
the degree of dental precocity in Neanderthals does not appear
to be related to ontogenetic stage, geological age, or geography,
although both individuals fromBelgian sites (Engis 2 and Scladina)
show particularly rapid development. Thus, comparative ontoge-
netic studies should not use recent human dental standards to
assign ages to juvenile Neanderthals.
When dentition-wide calcification patterns are compared fur-

ther, rapid development in Neanderthals appears to primarily
result from accelerated molar development (earlier age of com-
pletion, shorter duration of formation, and/or earlier initiation
age). Recent human M1s initiate calcification 2 to 3 wk before

Fig. 1. Virtual histology of the maxillary dentition from the 3-y-old Engis
2 Neanderthal. (A) Synchrotron micro-CT scan (31.3-μm voxel size) showing
central incisors in light blue, lateral incisors in yellow, canines in pink, and
third premolars in green. (Deciduous elements are not rendered in color as
they were not studied.) (B) Isolated elements and cross-sectional slices show
the degree of permanent tooth calcification and broad horizontal hypo-
plastic bands. (Scale bars in A and B, 10 mm.) (C) Synchrotron phase contrast
image (4.95-μm voxel size) used to count long-period lines in the maxillary
first molar. (Scale bar, 5 mm.) (Inset) The neonatal line just above the conical
dentine horn tip of the mesiobuccal cusp, estimated to have begun forming
17 d before birth.
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birth, completing crown formation by about 3 y of age (27). Ne-
anderthal M1 crowns also began forming 2 to 3 wk before birth
(Fig. 1 and SI Appendix, Fig. S1), completing formation ≈6 mo
earlier than recent humans (and thus beginning root initiation at
younger ages). Although M1 initiation age appears to be fairly
conserved across hominins, maxillaryM3 initiation in the Scladina
juvenile occurred at 5.9 y (13), which is 2 to 4 y earlier than av-
erage mandibular M3 initiation ages in recent humans (28, 29).
(There are no available histological data on maxillary M3 initia-
tion in recent humans or mandibular M3 initiation in Neander-
thals for a more direct comparison.) We note that mandibular M3
initiation can be highly variable; radiographic evidence reveals
minimum ages as early as 6 to 7 y, with ranges as large as 5 y within
recent human populations (28–30). Only two histological esti-
mates of recent humanmandibularM3 initiation are available: 6.4
y of age for an African individual (31) and 7.7 y of age for a me-
dieval European individual (32). The LeMoustier 1 age at death in
this study employs themaxillaryM3 initiation age from the Scladina
Neanderthal to estimate death at 11.6 to 12.1 y of age (SI Appendix,
Table S8). Although we prefer to use taxon-specific information
when available, the difference between Neanderthal and recent
human regression lines remains significant even when the initiation
age used to calculate Le Moustier’s age is increased by as much as
5 y. Thus, the finding that recent humans show significantly slower
dental maturation than Neanderthals appears to be robust.
Finally, our juvenile sample indicates that Neanderthal M1

emergence likely occurred within the faster half of recent human
age ranges, which average 4.7 to 7.0 y across global populations
(28). Juvenile hominins at this developmental stage are extremely
rare. Although the fossil individuals we studied either pre- or
postdate M1 emergence at death, three Neanderthals are in-
formative. The Krapina Maxilla B individual erupted its maxillary
M1s before death at 5.9 y of age, as revealed by slight wear facets.
The La Quina H18 juvenile, which is developmentally younger
than Krapina Maxilla B (SI Appendix, Figs. S2 and S3, and Table
S7), appears to have erupted its maxillary M1s even earlier, as
revealed by extensive attrition on bothmolars and exposed dentine
on the right M1. This evidence is consistent with the Scladina
Neanderthal, which shows a pattern of heavy M1 attrition at 8 y of
age, rapid M1 root extension, a young age of M1 root completion,
and mandibular M2 emergence 2 to 5 y before recent human av-
erage ages (28). In contrast to these findings, Macchiarelli and
colleagues (18) reported that M1 emergence occurred in an iso-
lated Neanderthal tooth from La Chaise at 6.7 y of age, which is at
the high end of the recent human range. However, to derive this
age, the root length present at eruption was estimated from the
fully formed tooth, although there are no available root length data
from Neanderthals with erupting M1s. Moreover, studies of great
apes show that root lengths can be quite variable as teeth emerge

(33), complicating attempts to predict eruptive root lengths from
fully formed teeth.
Although M1 eruption, brain mass, and body mass are broadly

correlated across primates (1–3), our study does not support
predictions for late age at M1 emergence in either Neanderthals
or fossil H. sapiens (contra ref. 1). At least two of our fossil
juveniles (Krapina Maxilla B, Qafzeh 10) erupted M1 earlier than
many human population mean ages (28), which may also have
been the case for the Scladina and La Quina H18 juveniles. The
confidence intervals of the primate regression equation used to
predict M1 emergence age from cranial capacity in hominins (1)
has been characterized as “undesirably large” (34; also see ref. 3).
Comparisons of variable traits, such as M1 eruption age, among
closely related taxa may not be as illustrative as higher-level tax-
onomic comparisons (7), which have revealed potential “grade
shifts” among broad primate groups (3). These findings un-
derscore the need for additional research into the significance of
variation in M1 eruption age within and among human pop-
ulations. Moreover, future recoveries of Neanderthal and fossil
H. sapiens juveniles who died at this key developmental stage are
necessary to provide firm M1 eruption ages.
Comprehensive tooth formation data in expanded hominin

samples are also of interest in a broader evolutionary context.
Estimates of crown formation, molar eruption age, and/or age at
death in three early Homo individuals (Sangiran S7-37, KNM-ER
820, KNM-WT 15000) suggest that the modern human de-
velopmental condition arose in taxa postdating Homo erectus (12,
16, 35, 36; also see ref. 37). Postcanine tooth development in early
Homo appears to be accelerated relative to the anterior dentition
(36), which is also apparent in the Neanderthals examined in the
present study (and in ref. 30). Crown formation times estimated for
a lower fourth premolar (P4) andM1 of Sangiran S7-37 are 2.7 and
2.5 y (12), respectively, which are similar to ourNeanderthal P4 and
M1 formation times of 2.9 and 2.6 y. Although none of the three
earlyHomo individuals died while erupting their molars, Dean and
colleagues have estimated respective M1 and M2 eruption ages at
4.4 and 7.6 y (12), suggesting a slightly more prolonged period of
growth than in australopithecines or living apes (35, 36).Whereas it
is unlikely thatNeanderthals routinely erupted theirM1s as early as
4.4 y of age, theM2s of Scladina had emerged before death at 8 y of
age, which is similar to estimates for early Homo. Unfortunately,
less is known about dental development in taxa postdating H.
erectus and predating Neanderthals. Homo antecessor and Homo
heidelbergensis long-period line (perikymata) numbers are reported
to be more similar to Neanderthal anterior teeth than to modern
humans (38). Assuming cuspal enamel formation times and long-
period line periodicities similar to either Neanderthal or recent
human mean values would yield shorter crown formation times in
both H. antecessor and H. heidelbergensis than in H. sapiens. Un-

Table 1. Middle Paleolithic juvenile hominins included in the present study

Taxon Fossil Locality Date, kya Previous age, y New age, y

Neanderthals Engis 2 Engis, Belgium >30–50 2–6 3.0
Gibraltar 2 Devil’s Tower, Gibraltar 30–50 3.1–5.8 4.6
La Quina H18 La Quina, France 45–60 7 Unknown
Krapina Maxilla B Krapina, Croatia 100–127 6.5–8 5.9
Obi-Rakhmat 1 Obi-Rakhmat, Uzbekistan 75 9–12 6.0–8.1
Scladina Scladina, Belgium 80–127 8.5–12 8.0
Krapina Maxilla C Krapina, Croatia 100–127 10–10.5 Unknown
Le Moustier 1 Le Moustier, France 40 12–20 11.6–12.1

H. sapiens Qafzeh 10 Qafzeh, Israel 90–100 6 5.1
Qafzeh 15 Qafzeh, Israel 90–100 9 Unknown
Irhoud 3 Irhoud, Morocco 160 7–8 7.8

Previous ages provided for historical reference only; most sources do not explain their method for determining age. New ages
determined from tooth histology in this study.
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fortunately there are no comparable data on molar formation or
eruption in either taxon; a recent report on dental development in
H. antecessor (39) does not include any data on incremental growth
in this species. In summary, although it is appears that crown
formation times increased and molar eruption occurred at later
ages during the evolution ofHomo, available evidence suggests that
consistently prolonged dental development may have first ap-
peared in H. sapiens.
These findings provide important insight into developmental

processes that are relevant to energy allocation and survival (4).
Some have argued that harsh conditions created high young adult
mortality rates in Neanderthals, which may have acted as a selec-
tive pressure to maintain a rapid maturation pattern (40, 41).
Others have argued that risky developmental environments may
favor slower growth in juvenile primates (42; but see ref. 4). It is
tempting to speculate that variation in tooth formation may in-

dicate broader life history trends, as subtle ontogenetic differences
between Neanderthals and H. sapiens have also been reported for
the cranium (43–45) and postcranium (46). Recent sequencing of
the Neanderthal genome has shown that genes involved in skeletal
development and cognitive abilities may also differ between these
taxa (47), opening the exciting possibility of the input of compar-
ative genomic analyses into this debate. Although additional study
is necessary to assess the adaptive significance of developmental
variation, absolute ages of death that are independent of reference
populations are an essential first step for understanding the evo-
lution of hominin craniodental and skeletal ontogeny (35, 48).

Materials and Methods
Virtual Imaging of Macro- and Microstructure. Overview scans of isolated teeth
and those in situwere performedwith laboratorymicrotomographic scanners
(BIRActis 300/225FPor Skyscan1172)withvoxel sizesbetween14and31μm(as
in refs. 13 and 14) or with synchrotron microtomography (micro-CT) on
beamline ID19 of the European Synchrotron Radiation Facility with voxel sizes
between 20 and 31 μm. Virtual planes of section were generated with Vox-
Blast Software (Vaytek, Inc.) or VG Studio MAX 2.0 (Volume Graphics, Inc.) by
locating a “developmental plane” bisecting the dentine and pulpal horns in
a labio-lingual or bucco-lingual orientation for anterior and postcanine teeth,
respectively. These sections were used to measure cuspal enamel thickness
and enamel-dentine junction length. Additional sections were cut tomeasure
root length and assess overall tooth formation (SI Appendix, Figs. S2–S11), as
detailed below. Phase contrast synchrotron scans were performed for certain
specimens with long propagation distances (4–6 m) and voxel sizes of 7.45 or
4.95 μm (at 51 or 60 keV) to visualize long-period lines in enamel and dentine
(Fig. 1 and Movie S1). Selected areas were scanned with 0.7-μm voxel size in
local phase contrast or holotomography mode (at 52 keV) to quantify fine
incremental features in 10 of 11 juveniles (following refs. 14 and 20). It was
not possible to transport the Obi-Rakhmat 1 individual for virtual imaging.
For certain samples, an additional phase retrieval process (49, 50) was used
to improve reconstructed data quality for single-distance scans or multiple-
distance scans (holotomography) before virtual sectioning.

Crown Formation, Root Formation, and Age at Death. Crown formation time
was calculated from measurements of cuspal enamel thickness and in-
cremental features in enamel (as summed cuspal and lateral formation times).
Cuspal enamel thickness was measured from the dentine horn tip to the
approximate position of the first-formed long-period line (perikyma) at the
crown surface. Cuspal enamel formation timewas calculated as an average of
two methods (results of each typically differ by 1–2 mo). For recent and fossil
H. sapiens, a minimum value was determined as cuspal enamel thickness di-
vided by average daily secretion rate values of 3.80 and 4.11 μm/d for anterior
and postcanine teeth, respectively (as in ref. 14). For Neanderthals, cuspal
enamel thickness was divided by an average cuspal daily secretion rate of 3.84
μm/d, measured from the Lakonis Neanderthal M3 (24). Maximum cuspal
formation time was determined as the minimum time multiplied by a cor-
rection factor of 1.15 to compensate for 3D prism deviation (decussation) (51).
Lateral enamel formation time was calculated by multiplying the number of
long-period lines (Retzius lines or perikymata) by the long-period line peri-
odicity. High-resolution impressions and casts were produced to quantify
long-period lines (on crowns and roots, as in refs. 13 and 14), which were
counted on unworn or lightly worn crowns using stereomicroscopy at
a magnification of 40 to 50×. Long-period line periodicities for most juvenile
specimens were observed with 0.7-μmphase contrast scans (SI Appendix, Figs.
S12 and S13), except the Scladina individual, which was physically-sectioned
(13) and later confirmed with synchrotron imaging. Crown formation time
estimates for the Obi Rakhmat 1 individual were used for age-at-death cal-
culation only (detailed below). Coronal extension rates were calculated by
dividing the cusp-specific enamel-dentine junction length by the respective
crown formation time.

Our recenthumancomparativesample includesEuropean,NorthAmerican,
and African physically-sectioned teeth (27, 52, 53); available material was
screened to select unworn and lightly worn teeth cut nonobliquely (equiva-
lent to the degree of wear and section orientation in our fossil sample).
Comparative sample sizes are thus reduced relative to original publications as
a result of these criteria. Developmental variables were calculated as detailed
for fossil samples. Despite the potential for overestimation of linear enamel
thickness from physically-sectioned teeth, mean values for our recent human
molar sample were within one SD of virtually-sectioned recent humanmolars
(54) for 11 of 12 cusp-specific comparisons. There was no trend for cuspal
enamel thickness values from physically-sectioned teeth to exceed the mean

Fig. 2. Box-and-whisker plot of average coronal extension rates in recent
and fossil H. sapiens and Neanderthals for the maxillary (Upper) and man-
dibular (Lower) dentitions. Postcanine teeth are represented by mesiobuccal
cusps.
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values of virtually-sectioned teeth, as would be expected if section obliquity
was influencing values; exactly 50% of the physically-sectioned mean values
were greater than the virtually-sectioned means. Statistical tests performed
with SPSS software (v. 17; SPSS Inc.) include nonparametric Mann-Whitney
U tests for comparisons of cusp-specific enamel thickness (where n > 3) and
long-period line periodicities between Neanderthals, recent humans, and
fossil H. sapiens.

Root formation was assessed from counts and measurements of internal
long-period (Andresen) lines in root dentine (SI Appendix, Fig. S14) for Engis 2,
Gibraltar 2, Krapina Maxilla B, and Qafzeh 10, or from equivalent external
long-period lines (periradicular bands) for Obi-Rakhmat 1, Scladina, and
Irhoud 3. Long-period line number was multiplied by the long-period line
periodicity to yield the time between crown completion and death in de-
veloping roots. Age at death was calculated for Engis 2, Gibraltar 2, and
Scladina by identification of the neonatal (birth) line in M1s (Fig. 1 and SI
Appendix, Fig. S1) and summation of subsequent crown and root formation
times. For Krapina Maxilla B, Obi-Rakhmat 1, Le Moustier 1, Irhoud 3, and
Qafzeh 10, age at death was determined as the sum of initiation age and
developmental time of specific teeth (SI Appendix, Tables S8–S10; also see ref.
14). For Gibraltar 2, Krapina Maxilla B, and Scladina, developmental stress
indicators (hypoplasias or accentuated lines) were matched between de-
velopmentally overlapping teeth, allowing temporal cross-matching across
the dentition, and resulting in a continuous chronology. Initiation ages from
Scladina (13) were used for Neanderthals dentitions that could not be cross-
matched; a recent human initiation agewas used for Irhoud 3 (32). For Qafzeh
10, the distolingual cusp of the maxillary M1 was estimated to have begun
formation at birth, and a pair of hypoplasias was used to register the M1 to
the maxillary central incisor (I1), which completed crown formation shortly
before death. For Obi-Rakhmat 1, which was not micro-CT scanned, age at
death was calculated for multiple elements as the sum of initiation age, av-
erage Neanderthal cuspal formation time, and long-period line numbers
(counted on crown and root casts) multiplied by the minimum and maximum
Neanderthal long-period line periodicity values (SI Appendix, Table S10). It

was not possible to derive histological ages at death for Krapina Maxilla C, La
Quina H18, or Qafzeh 15.

To compare dental ontogeny in Neanderthals, fossil H. sapiens, and recent
humans, the overall development of each dentition was assessed through
published radiographs, micro-CT slices, and isolated elements (SI Appendix,
Figs. S2–S11, and S15). The degree of calcification of each tooth was scored
several times on a developmental scale of 1 to 14, according to the system of
Moorrees and colleagues (55) and Smith (56). Average scores were converted
into recent human ages for each tooth using an average of male and female
means in Tables 1 to 4 from ref. 26, whichwere averaged to yield age at death
for each individual (SI Appendix, Table S7). We realize that micro-CT data are
more precise than flat-plane radiographic data; the latter tend to over-
estimate crown initiation age and underestimate both crown completion and
root initiation ages (57). For comparison with human radiographic data,
published radiographs of the fossils were used when possible, or micro-CT
images were interpreted in keeping with radiographic image bias (i.e., in
a few instances crown completion and root initiation were scored at an
earlier stage when the developmental stage was intermediate between two
stages). Predicted recent human ages were then regressed against histolog-
ical ages for each individual (Fig. 3). Median values for age ranges of Obi-
Rakhmat 1 and Le Moustier 1 were used to calculate the slope of the Nean-
derthal linear regression line using SPSS. Our comparative sample of western
European known sex and age children includes four individuals from (26) and
panoramic radiographs of 32 additional individuals (scored following refs. 55
and 56). The equality of Neanderthal and recent human slopes was assessed
with a nonparametric test (58) to avoid potential violations of parametric
statistical assumptions.
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Obi-Rakhmat 1, Scladina, and Le Moustier 1 (from left to right).
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Supporting Information 

Supporting Text. Definitions of terms used for dental development assessment. 
 
accentuated line: A pronounced internal line corresponding to the position of the developing 
enamel or dentine front that relates to a stressor experienced during tooth development (as 
opposed to an intrinsic rhythm). The neonatal line found in teeth forming during birth is the 
most common example. Because accentuated lines form in teeth developing at the same time, 
they may be used to register, or cross-match teeth. Thus counts of successive developmental time 
can be continued from one tooth to another when equivalent accentuated lines (or hypoplasias) 
can be identified and registered.  
 
Andresen lines: Long-period lines (> daily) in dentine representing the successive positions of 
the dentine-forming front, which may be used to assess root formation time as they correspond 
to periradicular bands on the root surface, and are temporally equivalent to Retzius lines in 
enamel and perikymata on the crown surface. Illustrated in SI Fig 14.  
 
coronal extension rate: See extension rate.  
 
cross-striations: Daily short-period lines along enamel prisms running at approximate right 
angles to prism axes. Cross-striations represent a 24-hour cycle of ameloblast activity. The 
distance between adjacent cross-striations yields the enamel daily secretion rate, and counts of 
these lines between successive long-period lines yield the long-period line periodicity. 
Illustrated in SI Fig. 13. 

 
crown formation time: The time it takes to develop the tooth crown, which is typically assessed 
through counts and measurements of incremental features. The most common method involves 
summing cuspal and lateral enamel formation times. Cuspal enamel formation time is 
determined by division of the cuspal enamel thickness by the daily secretion rate. A correction 
factor is sometimes employed to increase the linear thickness to compensate for the three-
dimensional curved path of enamel-forming cells. Lateral enamel formation time is determined 
by multiplication of the total number of long-period lines by the long-period line periodicity. 
For multi-cusped teeth, the total crown formation time is typically longer than the cusp-specific 
crown formation time (employed in the current study), as each cusp may initiate and complete 
formation at different ages. Also see enamel development. 
 
cuspal enamel thickness: Linear measurement of enamel thickness from the dentine horn tip to 
the position of the first long-period line at the tooth surface, which is a two-dimensional proxy 
for the path of cuspal enamel-forming cells. The position of the first-formed long-period line is 
fairly invariant, thus this value can be determined from micro-CT scans to assess the cuspal 
enamel formation time with reasonable accuracy.  
 
daily secretion rate: The rate of enamel or dentine secretion, which may be measured from the 
spacing between successive short-period lines (or long-period lines of known periodicity) 
along enamel prisms or dentine tubules. Since the average cuspal enamel daily secretion rate is 
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fairly invariant within a taxon, a mean value can be used to approximate cuspal formation time in 
teeth for which the daily secretion rate is unknown.  
 
dentine development: Dentine is formed when dentine-forming cells (odontoblasts) secrete a 
collagenous matrix (predentine) which undergoes mineralization to form primary dentine. The 
path of these cells is recorded by fine processes that remain behind in dentine tubules. Dentine 
formation begins at the future dentine horn, underlying the future cusp tip, and progresses inward 
through secretion and downward through extension until it reaches the apex of the root.  

 
enamel development: Enamel is formed when enamel-forming cells (ameloblasts) secrete 
enamel matrix proteins that mineralize into long thin bundles of crystallites known as enamel 
prisms. As the secretory cells progress outward towards the future tooth surface, additional cells 
are activated through extension (in a cervical direction) until the forming-front reaches the cervix 
of the crown, where it ceases secretion.  
 
eruption: The process of tooth crown emergence; a tooth must past the bone margin (alveolar 
eruption) and the gum (gingival eruption) in order to emerge into the oral cavity, and eventually 
into functional occlusion. Most studies of recent humans report gingival eruption ages from 
living individuals, while alveolar eruption is easier to assess from skeletonized individuals.  
 
extension rate: The rate at which secretory cells are activated to begin hard tissue secretion. 
Extension in the tooth crown proceeds from the future dentine horn tip to the future cervix, and 
both enamel- and dentine-forming cells extend at an equivalent rate. Calculation of the coronal 
extension rate, representing an average rate over the whole formation period, is determined from 
division of the enamel-dentine junction length by the crown formation time specific to that cusp. 
Upon completion of crown formation, dentine-forming cells continue to extend apically, 
beginning root formation. Root extension rates may be determined from counts or measurements 
of long-period lines (of known periodicity) along the root surface.  
 
hypoplasia: Structural feature formed by a stressor experienced during development, which 
results in an anomalous depression (furrow or pit) on the surface of a tooth. These external 
features are often associated with accentuated lines internally, and can be used to cross-register 
teeth forming at the same time.  
 
incremental features: Microscopic markings that represent intrinsic temporal rhythms in hard 
tissue secretion, which include long-period lines (e.g., Retzius lines in enamel) and short-
period lines (e.g., cross-striations or laminations in enamel). 
  
initiation age: The age at which a tooth begins hard tissue formation (crown calcification). This 
can be determined for first molars (M1s) by identification of the neonatal line and calculation of 
the prenatal formation from short-period lines in enamel or dentine, which yield the number of 
days before birth that a tooth began forming. For most permanent teeth, which initiate formation 
after birth, initiation age must be determined by cross-matching (or registering) teeth with one 
another via accentuated lines or hypoplasias and an event of known age (e.g., birth or death).  
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laminations: Daily short-period lines that run parallel to the developing enamel front (and 
Retzius lines), which are temporally and structurally equivalent to cross-striations but exhibit 
an oblique orientation relative to enamel prism long axes. By varying slice thickness with virtual 
histology, laminations appear as three-dimensional alignments of isochronous cross-striations 
across enamel prisms, which may be used for assessment of the long-period line periodicity. 
Illustrated in SI Figs. 12 & 13. 
 
long-period lines: Incremental lines in enamel or dentine representing the successive positions 
of the developing cellular front. The term long-period refers to the intrinsic temporal repeat 
interval that is greater than one day (in contrast to daily short-period lines). Long-period lines in 
enamel are known as Retzius lines (SI Fig. 12), which terminate on the tooth surface as 
perikymata (SI Movie 1). Long-period lines in dentine are known as Andresen lines (SI Fig. 
14), which terminate on the root surface as periradicular bands. The temporal repeat interval is 
referred to as the long-period line periodicity.  
 
long-period line periodicity: Number of days between successive long-period lines, 
determined by counting daily short-period lines between intervals. This integer is assessed by 
counting daily cross-striations or laminations between pairs of Retzius lines, which may only 
be determined from the inside of a tooth, necessitating physical sectioning or virtual histology. 
The value for long-period line periodicity is consistent within all teeth belonging to an 
individual’s dentition, but may vary among individuals within a species. Illustrated in SI Figs. 12 
& 13.  
 
neonatal line: Accentuated line found in enamel and dentine of teeth developing just prior to, 
during, and after birth, which allows developmental time to be registered to chronological age. 
Illustrated in Fig. 1 & SI Fig 1. 
 
perikymata: Long-period lines (> daily) that manifest as external ridges and troughs encircling 
the tooth crown, which are formed by Retzius lines as they reach the enamel surface. Perikymata 
are analogous to periradicular bands in dentine. The region of the crown that exhibits 
perikymata is called the lateral enamel.  
 
periodicity: See long-period line periodicity. 
 
periradicular bands: Long-period lines (> daily) that manifest as external ridges and troughs 
encircling the tooth root, and are formed by Andresen lines as they reach the root surface.  
 
Retzius lines: Long-period lines (> daily) in enamel that represent the position of the 
developing cellular front at successive points in time. They manifest on the tooth surface as 
perikymata, and are analogous to the Andresen lines in dentine. Illustrated in SI Fig. 12. 
 
root extension rate: See extension rate. 
 
root formation time: The time it takes to develop the tooth root, which is typically assessed 
through counts and measurements of incremental features. In practice it is difficult to image a 
complete series of incremental features in a fully-formed root, so this is typically undertaken in 
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teeth that are still forming their roots at the time of death. For incomplete teeth, the root 
formation time may be determined by division of the dentine tubule length by the daily 
secretion rate, or by multiplication of the number of long-period lines by the long-period line 
periodicity specific to that individual. Also see dentine development.  
 
short-period lines: Incremental lines in enamel or dentine representing the daily secretion of 
the developing cellular front. The term short-period refers to the circadian or daily temporal 
repeat interval (in contrast to long-period lines that repeat over multiple days). Short-period 
lines in enamel are known as cross-striations and laminations (SI Fig. 12 & 13), which may be 
used to determine the daily secretion rate. Short-period lines in dentine are known as von 
Ebner’s lines.  
 
von Ebner’s lines: Daily short-period lines in dentine that reflect a 24-hour cycle of dentine 
secretion, and are temporally equivalent to cross-striations and laminations in enamel. As it is 
difficult in practice to image these lines to determine the daily secretion rate, measurements of 
Andresen lines are generally preferred when the long-period line periodicity is known.  
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Supporting Figures 

SI Figure 1. Neonatal line (dotted line) in the Krapina Maxilla C Neanderthal’s maxillary first 
molar (M1) enamel and dentine. 
 

 
 
Enamel and dentine are separated by the enamel-dentine junction (dark boundary that arcs 
upward toward the center of the enamel); enamel is above, and dentine is below.  
Neonatal lines are consistently found in Neanderthal molars within approximately 60 
micrometers of the dentine horn tip, including maxillary M1s from Scladina (1), Engis 2, 
Dederiyeh 1 (2), Krapina Maxilla B, and Krapina Max C (above), and mandibular M1s from 
Gibraltar 2 and La Chaise (3).   
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 SI Figure 2. Virtual overview of the La Quina H18 Neanderthal’s maxillary dentition. 
 

 
 
Scanned at the ESRF ID 19 beamline: 31 micrometer voxel size. Note that clinical radiographs 
of La Quina H18 in (4) were used to score the developmental status of these teeth in keeping 
with the recent human radiographic comparative sample (SI Table 7). 
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SI Figure 3. Virtual overview of the Krapina Maxilla B Neanderthal’s dentition and associated teeth. 
 

 
 
Scanned in Zagreb, Croatia: 14 - 29 micrometer voxel sizes with Skyscan and BIR scanners, respectively. Associated teeth include 
isolated teeth and those erroneously glued into Krapina Maxilla C (K191, K192, K194, K195, K196). Note that clinical radiographs of 
Krapina Maxillae B & C, and K191 & K192 in (5) were used to score the developmental status of these teeth in keeping with the 
recent human radiographic comparative sample (SI Table 7). 
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SI Figure 4. Virtual overview of the Engis 2 Neanderthal’s dentition.  
 

 
 
Scanned at the ESRF ID 19 beamline: 31 micrometer voxel size (rendered here in three-
dimensions). Note that clinical radiographs of Engis 2 in (4) were used to score the 
developmental status of these teeth in keeping with the recent human radiographic comparative 
sample (SI Table 7). 
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SI Figure 5. Virtual overview of the Gibraltar 2 Neanderthal’s dentition. 
 

 
 
Scanned at the ESRF ID 19 beamline: 31 micrometer voxel size, save for the RLM2, which was scanned at 5 micrometer voxel size 
with phase contrast. Note that clinical radiographs of Gibraltar 2 in (4) were used to score the developmental status of these teeth in 
keeping with the recent human radiographic comparative sample (SI Table 7), and the developmentally-advanced left mandibular 
incisors (I1 & I2) were used for the calculation of predicted recent human age. 
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SI Figure 6. Virtual overview of the Scladina Neanderthal’s dentition. 
 

 
 
Scanned at the MPI-EVA: 14 - 29 micrometer voxel sizes with Skyscan and BIR scanners, respectively. Because clinical radiographs 
of Scladina were unavailable, the developmental status was assessed from isolated teeth and micro-CT slices in keeping with the 
recent human radiographic comparative sample (SI Table 7). 
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SI Figure 7. Virtual overview of the Krapina Maxilla C Neanderthal’s dentition.  
 

 
 
Scanned in Zagreb, Croatia: 29 micrometer voxel size with a BIR scanner. The M1 shows extreme taurodontism, while the in situ M2 
shows a “foreign body” inside the pulp that is a concretion of mineralized tissue that may be a “false pulp stone.” Note that clinical 
radiographs of Krapina Max C in (5) were used to score the developmental status of these teeth in keeping with the recent human 
radiographic comparative sample (SI Table 7). 
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SI Figure 8. Virtual overview of Le Moustier 1 Neanderthal’s third molars (M3s). 
 

 
 
Scanned at the MPI-EVA: 31 micrometer voxel size with a BIR scanner. The dotted line on the mesiobuccal root of the maxillary M3 
indicates the root length used to determine the age at death (SI Table 8). Note that digital radiographs taken prior to micro-CT 
scanning of Le Moustier 1 and micro-CT slices were used to score the developmental status of these teeth in keeping with the recent 
human radiographic comparative sample (SI Table 7). Our predicted recent human age of 15.8 years at death is nearly identical to 
Thompson and Nelson’s (6) age of 15.5 years derived from clinical CT scans and the same scoring method (7). 
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SI Figure 9. Virtual overview of the Qafzeh 10 Homo sapiens dentition.  
 

 
 
Scanned at the ESRF ID 19 beamline: 31 micrometer voxel size. Note that clinical radiographs of Qafzeh 10 in (8) were used to score 
the developmental status of these teeth in keeping with the recent human radiographic comparative sample (SI Table 7). 
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SI Figure 10. Virtual overview of the Qafzeh 15 Homo sapiens dentition.  
 

 
 
Scanned at the ESRF ID 19 beamline: 31 micrometer voxel size. Note that clinical radiographs of Qafzeh 15 in (8) were used to score 
the developmental status of these teeth in keeping with the recent human radiographic comparative sample (SI Table 7). 
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SI Figure 11. Virtual overview of the Irhoud 3 Homo sapiens dentition. 
 

 
 
Scanned at the MPI-EVA: 24 micrometer voxel size with a BIR scanner. Note that low resolution micro-CT models of Irhoud 3 in (9) 
were used to score the developmental status of these teeth in keeping with the recent human radiographic comparative sample (SI 
Table 7). 
 
 
 
 
 



SI Figure 12. Eight day long-period line periodicity in the Engis 2 Neanderthal. 
 

 
 
Synchrotron phase contrast image (0.678 micrometer voxel size); 8 short-period lines (in brackets) can be seen between long-period 
Retzius lines (arrows). In this image, daily laminations (10, 11) were counted as it was not possible to resolve enamel prisms showing 
cross-striations between Retzius lines. Enamel prisms are vertically oriented, the surface of the tooth is at the top of the image, and the 
cervix is towards the left. Faint horizontal bands in the upper aspect of the image are artifacts due to inhomogeneities in the X-ray 
optic (multilayer monochromator) for high resolution imaging. Scale bar is equal to 0.2 mm. 
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SI Figure 13. Eight day long-period line periodicity in the Le Moustier 1 Neanderthal. 
 

 
 
Synchrotron phase contrast image (0.7 micrometer voxel size); arrows indicate long-period 
Retzius lines, and brackets define the interval containing 8 short-period lines (paired light and 
dark bands), demonstrating that the long-period line periodicity of this individual is 8 days. 
Enamel prisms are oriented vertically, the surface of the tooth is at the top of the image, and the 
cervix is towards the left. 
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SI Figure 14. Long-period (Andresen) lines in the Gibraltar 2 Neanderthal’s root dentine used to calculate age at death. 
 

 
 
Long-period lines in the dentine (running parallel to the developing surface - orientation indicated with dotted lines) were counted to 
determine the root formation time. After hypoplasias and accentuated lines were used to register these two teeth, postnatal crown and 
root formation time were summed to determine the age at death. 
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SI Figure 15. Overview of the Obi-Rakhmat 1 Neanderthal dentition. 
 

 
 
Because clinical radiographs or micro-CT scans of Obi-Rakhmat were unavailable, the developmental status was assessed from 
isolated teeth in keeping with the recent human radiographic comparative sample (SI Table 7).  
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Supporting Tables 
 

SI Table 1. Average cuspal enamel thickness (in micrometers) in Neanderthals, fossil Homo sapiens, 
and recent H. sapiens.  
 
Tooth  Cusp Neanderthals   N Fossil  H. sapiens  N          Recent  H. sapiens  N_ 
UI1 - 737  (690-836) 4 900  --  2 840 (750-960) 11 
UI2 - 800  (750-894)  5 795 (625-965) 2 788  (700-900) 16 
UC - 749  (668-872) 5 1098  (895-1300) 2 1056  (750-1250) 25 
UP3 b 803  (601-915) 5 1242  (1175-1310) 2 980  (700-1200) 14 
UP4 b 1053  (775-1250) 6 1448  (1410-1485) 2 924  (650-1200) 24 
UM1  mb  755  (455-1012) 4 985    1 1069  (700-1300) 13 
  ml  1027  (860-1259) 4 1212  (1155-1270) 2  1521  (1100-2200)  14 
UM2  mb  1255  (1055-1475) 7 1627  (1535-1720) 2  1322   (1000-1600)  23 
  ml  1365  (1075-1742) 5 2012  (1855-2170) 2  1688   (1400-2000)  17 
UM3 mb 1337  (1105-1568) 5 --    1594  (820-2350) 68 
  ml 1455  (1198-1700) 5 --    1855  (1206-2285) 55 
 
LI1 - 610   1 782  (625-940) 2 682 (520-800) 10 
LI2 - 695   1 668  (570-790) 3 604  (550-695) 8 
LC - 652  (645-660) 2 812  (695-885) 3 1045  (800-1175) 13 
LP3 b 760  (690-830) 2 1148  (1045-1210) 3 937  (600-1300) 19 
LP4 b 954  (915-1032) 3 1470  (1345-1595) 2 1112  (950-1350) 16 
LM1 mb 834  (612-1447) 7 1153  (1080-1280) 6 1093  (600-1600) 20 
  ml 913  (698-1263) 7 1247  (800-1730) 6 1061  (750-1600) 27 
LM2 mb 1115  (1060-1185) 3 1730  (1615-1845)  1452  (1200-1700) 32 
  ml 1112  (965-1260) 2 1708  (1485-1880) 3 1209  (1000-1550) 25 
LM3 mb 1007  (905-1097) 3 ~1400   1 1618  (950-2076) 43 
  ml 954  (783-1133) 6 ~1350   1 1342  (900-1800) 30 
  db 1175    1 ~1690   1 2190  (1680-2800) 8 
________________________________________________________________________________________ __________ 

 
Tooth= upper (U), lower (L), central/first incisor (I1), lateral/second incisor (I2), canine (C), third 
premolar (P3), fourth premolar (P4), and first, second, and third molars (M1, M2, & M3). Postcanine 
values determined from buccal (b), mesiobuccal (mb), or mesiolingual (ml) cusps for premolars and 
molars, respectively. Additional samples of Neanderthals and fossil H. sapiens are from (1, 9, 12); 
averages and ranges are shown. Recent human populations (13-15) were pooled as few significant 
differences are found among populations. Samples showing light attrition were corrected based on the 
curvature of wear facets and/or adjacent Retzius lines; moderate to heavily worn teeth were excluded.  

 



 21

SI Table 2. Mann-Whitney U test results for cuspal enamel thickness differences between 
Neanderthals and recent humans.  
 
 
Row I1 I2 C P3 P4 M1mb M1ml M2mb M2ml M3mb M3ml 
Max  
Z -2.095 -0.255 -3.327 -1.584 -1.562 -2.161 -2.666 -0.814 -2.474 -2.099 -2.948 
P 0.040 0.842 0.000 0.130 0.129 0.032 0.005 0.441 0.011 0.034 0.001 
 
Mand  
Z -- -- -- -- -- -2.010 -2.069 -- -- -- -3.276 
P      0.048 0.039    0.000 
______________________________________________________________________ 
 
Row = maxillary (Max) or mandibular (Mand). Tooth = central/first incisor (I1), lateral/second 
incisor (I2), canine (C), third premolar (P3), fourth premolar (P4), and first, second, and third molars 
(M1, M2, & M3). Molar teeth are represented by mesiobuccal (mb) and mesiolingual (ml) cusps. 
Comparisons were made for N > 3. Significantly thinner enamel was found for Neanderthal tooth 
types where the significance level is in bold. Neanderthal M1 mb cusps are also thinner than fossil 
H. sapiens (Z= -2.146, P= 0.035), but this difference is not significant for M1 ml cusps (Z= -1.714, 
P= 0.101).  
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SI Table 3. Long-period line periodicity (in days) in Middle Paleolithic hominins.  
 
Taxon   Individual/Site  Periodicity Source   ___ 
Neanderthals  Jonzac    6  This study 
   Marillac LUP3  6  “ “ 
   Saint-Césaire 1  7  “ “ 
   Krapina Maxilla B  7  “ “ 
   Lakonis   7  16 
   La Chaise BD-J4-C9  7  3 
   Tabun C1   8  “ “ 

Scladina   8  1, confirmed in this study 
   Le Moustier 1   8  This study 
   Engis 2   8  “ “ 
   Gibraltar 2   9  “ “ 
   Average   7.4 
 
Fossil H. sapiens Hofmeyr   7  This study 
   Qafzeh 15   7  “ “   
   Qafzeh 10   8  “ “ 
   Skhul II   8  “ “ 

Irhoud 3   10  9 
   Average   8.0 
___________________________________________________________________________ 
 
Periodicities of Engis 2, Gibraltar 2, Maxilla B, Le Moustier 1, Jonzac, Marillac LUP3, Saint-
Césaire 1, Qafzeh 10, Qafzeh 15, Irhoud 3, and Hofmeyr were determined from phase contrast 
synchrotron imaging. Periodicities of Scladina, Lakonis, La Chaise, Tabun, and Skhul were 
determined from histological thin sections. 
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SI Table 4. Average enamel long-period line numbers in Neanderthals and two recent human 
populations. 
 
Tooth  Cusp Neanderthals  N European  N African  N     
UI1  128 (119-138)  4 169 (139-197)  7 121 (110-136)  4 
UI2  128 (120-136)  4 131 (107-153)  11 108 (102-116)  5 
UC  140 (131-151)  4 148 (100-197)  20 135 (105-169)  5 
UP3 b 107 (99-115)  2 122 (108-157)  12 80   (67-94)  2 
UP4 b 96   (85-108)  2 107 (79-138)  16 87   (67-100)  8 
UM1 mb 82   (74-92)  3 92   (80-124)  8 80   (57-96)  11 
 ml 74   (68-79)  2 89   (75-118)  11 87   (70-130)  10 
UM2 mb 91   (78-109)  4 85   (65-111)  11 93   (69-120)  13 
 ml 79   (77-81)  2 95   (77-112)  6 87   (66-120)  9 
UM3 mb 86   1 80   (68-106)  13 92   (64-126)  14 
 
LI1  95   1 134 (113-154)  8 99   (94-104)  2 
LI2  114 (101-127)  2 131 (119-152)  5 107 (98-112)  3 
LC  154 (140-167)  2 193 (144-249)  12 161     1 
LP3 b 106 (94-118)  2 138 (109-182)  17 102  (90-113)  2 
LP4 b 103   1 104  (72-135)  10 91   (77-115)  6 
LM1  mb 84   (74-90)  3 92    (76-110)  6 90   (82-101)  5 
 ml 70   (69-70)  2 67    (51-90)  8 75   (56-90)  18 
LM2 mb 78   1 86    (74-103) 1 5 80   (64-99)  6 
________________________________________________________________________________ 
  
Tooth= upper (U), lower (L), central/first incisor (I1), lateral/second incisor (I2), canine (C), third 
premolar (P3), fourth premolar (P4), and first, second, and third molars (M1, M2, & M3). Postcanine 
values determined from buccal (b), mesiobuccal (mb), and mesiolingual (ml) cusps for premolars 
and molars, respectively. Samples showing light attrition (missing up to 10% of lateral enamel) were 
corrected based on the curvature of wear facets, curvature of adjacent Retzius lines, and/or spacing 
of adjacent perikymata; moderate to heavily worn teeth (more than 10% missing) were excluded. It 
was not possible to include a number of Neanderthal teeth due to poor surface preservation or the 
presence of protective surface coating.  
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SI Table 5. Average coronal extension rates (in �m/day) in Neanderthals and two recent human 
populations.* 
 
Tooth  Cusp Neanderthals  N European  N African  N 
UI1 - 10.42  (9.95-10.89) 2 7.79  (7.23-8.84) 7 6.96  (6.36-7.48) 4 
UI2 - 9.86  (8.87-10.84) 2 7.10  (6.02-7.94) 11 5.60  (5.04-6.27) 5 
UC - 9.28  (9.24-9.32) 2 6.52  (5.17-8.00) 20 7.48  (6.73-8.34) 5 
UP3 b 8.30   1 5.75  (4.63-6.49) 12 6.49  (6.43-6.54) 2 
UP4 b 7.48   1 6.08 (5.16-7.79) 16 6.36  (5.16-7.51) 8 
UM1  mb  8.32 (8.32-8.33) 2 6.36 (5.71-7.44) 6  6.23  (4.99-8.07) 6 
 ml  8.00  (7.79-8.20) 2 5.94 (5.37-6.59) 7  6.38  (5.56-7.07)  6 
UM2  mb  6.11  (5.66-6.45) 3 6.67  (5.89-7.87) 9  5.68  (4.76-6.54) 9 
 ml  6.31   1 6.35 (5.22-8.14)  6  5.14  (4.37-6.03)  8 
UM3 mb 5.20   1 5.76 (5.11-6.51) 11 5.67  (4.51-6.94) 11 
 
LC - 8.66   1 6.08  (5.02-7.35) 12 6.89   1 
LP3 b 9.10   1 6.15  (5.44-7.29) 17 5.95  (4.89-7.01) 2 
LP4 b 8.01   1 6.24  (5.59-7.05) 10 6.27  (5.00-7.19) 6 
LM1 mb 8.73  (7.70-10.04) 3 7.34  (6.71-7.72) 5 7.03   1 
 ml 8.11  (7.68-8.37) 3 6.62  (5.40-7.48) 4 6.54  (5.45-7.27) 6 
LM2 mb 8.28   1 6.14  (5.27-7.29) 13 5.75  (5.52-6.12) 5 
LM3 db 5.63   1 4.14  (3.72-4.79) 4 --  - 
_______________________________________________________________________________ 
 
Tooth= upper (U), lower (L), central/first incisor (I1), lateral/second incisor (I2), canine (C), third 
premolar (P3), fourth premolar (P4), and first, second, and third molars (M1, M2, & M3). Postcanine 
values determined from buccal (b), mesiobuccal (mb), and mesiolingual (ml) cusps for premolars 
and molars, respectively. Values for LM1 mb and ml cusps include data for La Chaise (3).  
 
* An expanded global human sample of molar teeth (17) was employed for Figure 2. 
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SI Table 6. Average crown formation times (in days) in Neanderthals and two recent human 
populations. 
 
Tooth  Cusp Neanderthals  N European  N African  N 
UI1 - 1218  (1170-1266) 2 1582  (1500-1645) 7 1318  (1288-1343) 4 
UI2 - 1134  (1088-1181) 2 1427  (1354-1558) 11 1324  (1276-1386) 5 
UC - 1240  (1228-1241) 2 1613 (1510-1745) 20 1438  (1409-1466) 5 
UP3 b 1159   1 1407 (1313-1467) 12 1113  (1108-1118) 2 
UP4 b 1148   1 1249  (1107-1359) 16 1086  (966-1214) 8 
UM1  mb   834  (811-857) 2 1017 (957-1074) 6  981  (829-1043)  6 
 ml   872  (872-873) 2 1159 (1038-1332) 7  1059 (967-1158)  6 
UM2  mb   1059 (947-1176) 3 1018 (939-1144) 9  1145 (1008-1238)  9 
 ml   969   1 1141  (1085-1229) 6  1218   (1097-1311)  8 
UM3 mb  997   1 1040  (906-1133) 11 1079 (993-1130) 11 
  
LC - 1305   1 2004  (1810-2111) 12 1721   1 
LP3 b 984   1 1454  (1352-1614) 17 1157  (1135-1179) 2 
LP4 b 1080   1 1245  (1038-1432) 10 1165 (1072-1276) 6 
LM1 mb 941  (825-1041) 3 1097  (1043-1148) 5 1096   1 
 ml 846  (788-885) 3 948  (910-980) 4 917 (842-990) 6 
LM2 mb 932   1 1096 (1039-1203) 13 1145  (1092-1184) 5 
LM3 db 982   1 1288  (1150-1445) 4 --  - 
_______________________________________________________________________________ 
 
Tooth= upper (U), lower (L), central/first incisor (I1), lateral/second incisor (I2), canine (C), third 
premolar (P3), fourth premolar (P4), and first, second, and third molars (M1, M2, & M3). Postcanine 
values determined from buccal (b), mesiobuccal (mb), and mesiolingual (ml) cusps for premolars 
and molars, respectively. Values for LM1 mb and ml cusps include data for La Chaise (3). Samples 
showing light attrition were corrected and included as detailed in SI Tables 1 & 4, while moderate to 
heavily worn teeth were excluded.  
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SI 7 Table. Fossil sample tooth formation stages as defined on a scale of 1-14 in (7). 
 

___________________________________________________________________________ 
 
Row = maxillary (max) or mandibular (mand) dentition. Tooth = central/first incisor (I1), 
lateral/second incisor (I2), canine (C), third premolar (P3), fourth premolar (P4), and first, second, 
and third molars (M1, M2, & M3). Each tooth was scored independently from radiographs and 
micro-CT slices several times, average scores were calculated (given here), and converted into 
recent human ages for each tooth using Tables 1-4 in (7). Predicted recent human ages were 
calculated as an average of western European male and female mean ages for each available 
element. There are no available data on non-European populations for comparison.  
 
 

Individual Row I1 I2 C P3 P4 M1 M2 M3 Recent Actual

 Human Age Age

H. sapiens

Qafzeh 10 max 7 6 6 6 6 10 5 5.1 5.1

mand 8 8 6 6 5 10 5

Irhoud 3 mand 11 10 8 8 7 12 6 6.7 7.8

Qafzeh 15 max 11 10 8 9 8 11 7 6.9 unknown

mand 11 10 8 9 12 7

Neanderthals

Engis 2 max 6 6 5 5 7 4.0 3.0

mand 8

Gibraltar 2 max 7 7 6 6 5 9 4.8 4.6

mand 8 8 6 5 4 9 4

La Quina H18 max 9 7 7 7 6 11 5 5.7 unknown

Krapina Maxilla B max 9 8 7 7 6 11 6 5.9 5.9

Obi Rakhmat max 11 9 9 9 9 7.8 6.0-8.1

Krapina Maxilla C max 9 14 10 9.3 unknown

Scladina max 14 13 10 9 5 10.5 8.0

mand 14 13 11 10 14 10 5

Le Moustier 1 max 14 14 14 14 14 14 14 9 15.8  11.6-12.1

mand 14 14 14 14 14 14 14 10
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SI Table 8. Age at death calculation for the Le Moustier 1 Neanderthal (times in days save for the 
last column). 
 

 
Initiation age estimated from the Scladina Neanderthal maxillary M3 (1). Crown formation time for 
the maxillary M3 mesiobuccal (mb) cusp was determined as the sum of cuspal and lateral formation, 
determined from the micro-CT scan, high-resolution cast, and synchrotron virtual histology. A 
corresponding root length of 3.8 mm was measured from the mb root (SI Fig. 8). Root formation 
times, calculated as root length divided by root extension rate, are estimated using two different root 
extension rates. These include a fast-forming model (3.5 �m/day: measured from counts of Andresen 
lines of known periodicity in the equivalent root length and tooth type of a recent African 
individual), or a slow-forming model (3.0 �m/day: average value similarly determined from two 
recent European individuals) as there are no available data on root extension rates in Neanderthal 
M3s. Age at death was calculated as the sum of initiation age, crown formation time, and root 
formation time (yielding minimum and maximum values depending on the root extension rate 
employed). Synchrotron imaging revealed extensive accentuated lines in the cervical aspects of the 
maxillary incisor and canines, and a number of hypoplasias were also identified on casts. However, 
it was not possible to register (cross-match) later-forming teeth using hypoplasias or accentuated 
lines. Decohesion of the X-ray beam (strong scattering due to microporosity) in the root and in the 
plaster restorative material prohibited imaging dentine microstructure.

Initiation Crown Root Formation Time Age at Death

Age Form. Time  Min days Max days Years

2155 997 1086 1267 4238 4419 11.61-12.11
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SI Table 9. Age at death calculation for the Krapina Maxilla B Neanderthal (times in days save for 
the last column). 
 

 
Initiation age estimated from the Scladina Neanderthal maxillary canine (1), which was validated by 
registering the anterior teeth of this individual and estimating the initiation ages of the incisors. The 
Krapina Maxilla B I1s were estimated to have initiated at 42 and 43 days of age, nearly identical to 
the independent initiation age of the Gibraltar 2 maxillary I1 at 44 days, justifying the use of 102 
days for canine initiation. Crown formation time for the canine is the sum of cuspal enamel 
formation and lateral enamel formation, determined from the micro-CT scan, high-resolution cast, 
and synchrotron virtual histology. Root formation time is the number of Andresen lines in root 
dentine multiplied by the long-period line periodicity, determined from synchrotron virtual histology 
of the crown. Age at death was calculated as the sum of initiation age, crown formation time, and 
root formation time. 

Inititiation Crown Root Age at Death

Age Form. Time Form. Time Days Years

102 1238 798 2138 5.86
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SI Table 10. Age at death calculation for the Obi-Rakhmat 1 Neanderthal. 
 

Max Teeth= Maxillary lateral/second incisor (I2), canine (C), third and fourth premolars (P3 & P4), 
and first and second molars (M1 & M2). For molar cusps: mb= mesiobuccal cusp, ml= mesiolingual 
cusp. Initiation ages (in days) estimated from the Scladina Neanderthal (1) save for the P4, which 
was estimated to be intermediate between Neanderthal P3s and recent human P4 data (18). Cusp 
Time= Average cuspal enamel formation times (in days) of Neanderthals in the current study. Pkg= 
Perikymata, the number of long-period lines on the enamel surface counted from casts of the original 
teeth. CFT= crown formation time (in days), calculated as cuspal enamel formation plus lateral 
enamel formation (total number of perikymata multiplied by Neanderthal long-period line 
periodicity modal values of 7 and 8). Prd= Periradicular bands, the number of long-period lines on 
the root surface counted from casts of the original teeth. Slight estimations were made for broken 
root apices. RT= Root formation time (in days), calculated as the number of periradicular bands 
multiplied by Neanderthal long-period line periodicity modal values of 7 and 8. Death= age at death 
(in years) calculated as the age at initiation plus crown and root formation times estimated using the 
full range of observed Neanderthal periodicity values (6 – 9 days). Age at death was not calculated 
for the M2 as the mesiobuccal and distobuccal roots were missing, and the mesiolingual and 
distolingual root lengths appeared to be pathologically foreshortened (19). 
 
 
 
 
 
 
 
 
 

Max Initiation Cusp Pkg CFT (7) CFT (8) Prd RT (7) RT (8) Death Death Death Death 

Teeth Age Time 6 day 7 day 8 day 9 day

I2

lingual 205 224 130 1134 1264 194 1358 1552 6.50 7.39 8.28 9.16

C 102 210 137 1169 1306 113 791 904 4.96 5.65 6.33 7.02

P3

buccal 617 225 99 918 1017 123 861 984 5.96 6.56 7.17 7.78

lingual 617 322 82 896 978 135 945 1080 6.14 6.73 7.33 7.92

P4

buccal 750 295 85 890 975 117 819 936 6.18 6.74 7.29 7.84

lingual 750 298 78 844 922 116 812 928 6.06 6.59 7.12 7.65

M1

mb -13 211 74 729 803 283 1981 2264 6.41 7.39 8.37 9.35

M2

mb 352 83 933 1016 110 770 880

ml 382 81 949 1030 28+ 196+ 224+

Ave 6.03 6.72 7.41 8.10
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Movie Legend S1  
 
Multi-scale synchrotron virtual histology illustrating age at death determination of the Engis 2 
Neanderthal. First scale: voxel sizes of 31.3 micrometers in absorption mode for virtual extraction of 
the full permanent dentition. Second scale: 4.95 micrometers with phase contrast effect for the 
isolated maxillary M1 (utilized for long-period line counts and observations of the neonatal line). 
Third scale: 0.678 micrometers with phase contrast for the small cube of enamel utilized to 
determine the long-period line periodicity. 
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