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Justificacion y Objetivos 11

Debido a su dureza, los dientes son los elementos del cuerpo con mas posibilida-
des de fosilizar y, por este motivo, constituyen la mayor parte del registro fosil de
hominidos. Una gran parte de los estudios sobre la evoluciéon humana se han basado
en la denticion y, debido a su facil acceso, la corona ha sido la parte de los dientes me-
jor estudiada. La morfologia radicular externa ha sido mas estudiada que la interna,
aunque algunos aspectos relacionados con la morfologia de la cavidad pulpar (ej. El
taurodontismo) han sido a menudo discutidos 2, y se han realizado recientemente
algunos estudios tridimensionales de la cavidad pulpar en hominidos fésiles 426,
este espacio interno ha recibido en general poca atencién en paleoantropologia. To-
davia se desconoce si la forma y el tamano de este espacio interno podrian ser tutiles

como fuente de informacién taxonémica complementaria.

La microtomografia computarizada permite, de forma no destructiva, visualizar
y analizar con validez y fiabilidad las estructuras anatéomicas internas mediante la
realizacién de secciones virtuales y la reconstruccion de imagenes en tres dimensiones.
La utilizacién de la tomografia y microtomografia computarizadas permite el estudio
de la anatomia interna de especimenes de colecciones fosiles demasiado valiosas y

escasas para ser sometidas a procesos destructivos”®.

La morfologia coronal de los premolares mandibulares ha probado ser valida para

'Harvati K, Panagopoulou E, and Karkanas P. 2003. First Neanderthal Remains from Greece:
the Evidence from Lakonis. J Hum Evol 45: 465-473.

2Rosas A, Martinez Maza C, Bastir M, Garcia Tabernero A, Lazuela-Fox C, Huguet R, Ortiz
JE, Julia R, Soler V, de Torres T, Martinez E, Canaveras JC, Sadnchez-Moral, Cuezva S, Lario J,
Santamaria D, de la Rasilla M, Fortea J. 2006. Paleobiology and Comparative Morphology of a Late
Neandertal Sample from El Sidrén, Asturias, Spain. Proc Natl Acad Sci USA 103: 19266-19271.

3Bayle P, Braga J, Mazurier A, Macchiarelli R. 2009a. Dental developmental pattern of the
Neanderthal child from Roc de Marsal: a high-resolution 3D analysis. J Hum Evol 56: 66-75.

4Bayle P, Braga J, Mazurier A, Macchiarelli R. 2009b. Brief communication: high-resolution
assessment of the dental developmental pattern and characterization of tooth tissue proportions in
the late Upper Paleolithic child from La Madeleine, France. Am J Phys Anthropol 138: 493-498.

5Bayle P, Macchiarelli R, Trinkaus E, Duarte C, Mazurier A, Zilho J. 2010. Dental maturational
sequence and dental tissue proportions in the early Upper Paleolithic child from Abrigo do Lagar
Velho, Portugal. Proc Natl Acad Sci USA 107: 1338-42.

6Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens . J Hum Evol 59: 525-41.

"Kono R. 2004. Molar enamel thickness and distribution patterns in extant great apes and
humans: new insights based on a 3-dimensional whole crown perspective. Anthropol Sci 112: 121146.

80lejniczak AJ, Grine FE. 2006. Assesment of the accuracy of dental enamel thickness measu-
rements using microfocal X-ray computed tomography. Anatomical Record 288: 263-275.
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estudios taxonémicos en homininos ?-1%-11:12 En concreto, se ha descrito que la mor-
fologia del segundo premolar inferior es particularmente 1til para la diferenciacion
taxonémica de distintas especies de hominidos del Pleistoceno '*'*. La anatomia
de las raices y de los conductos radiculares de los segundos premolares inferiores de
estos hominidos ha sido evaluada con métodos radiograficos convencionales'® y con
microtomografia, pero no en profundidad '°. En este trabajo de Tesis Doctoral se ha
seleccionado el segundo premolar inferior debido a su elevada estabilidad morfolégica
radicular externa e interna en comparacién con otros dientes 7119 Adem4s, ha si-
do posible contar con especimenes de este diente de diferentes especies de hominidos

fosiles.

La tomografia y microtomografia computarizadas permiten estudiar raices den-
tales ubicadas en el interior de los alveolos. La utilizacién de la microtomografia apli-
cada al andlisis de la morfologia interna radicular es extremadamente 1til y aporta
nuevas perspectivas de estudio en casos donde los dientes estén muy destruidos, ten-

gan coronas ausentes, presenten altos grados de desgaste, hipercementosis o procesos

9Ludwig FJ. 1957. The mandibular second premolars: morphologic variation and inheritance.
J Dent Res 36: 263-273.

0Bailey SE, Lynch JM. 2005. Diagnostic differences in mandibular P4 shape between Neander-
tals and anatomically modern humans. Am J Phys Anthropol 126: 268-277.

HUMartinén-Torres M, Bastir M, Bermtdez de Castro JM, Gémez A, Sarmiento S, Muela A,
Arsuaga JL. 2006. Hominin lower second premolar morphology: evolutionary inferences through
geometric morphometric analysis. J Hum Evol 50: 523-533.

12Gémez-Robles A, Martinén-Torres M, Bermidez de Castro JM, Prado L, Sarmiento S, Arsuaga
JL. 2008. Geometric morphometric analysis of the crown morphology of the lower first premolar on
hominins, with special attention to Pleistocene Homo . J Hum Evol 55: 627-638.

13Bailey SE, Lynch JM. 2005. Diagnostic differences in mandibular P4 shape between Neander-
tals and anatomically modern humans. Am J Phys Anthropol 126: 268-277.

MMartinén-Torres M, Bastir M, Bermtidez de Castro JM, Gémez A, Sarmiento S, Muela A,
Arsuaga JL. 2006. Hominin lower second premolar morphology: evolutionary inferences through
geometric morphometric analysis. J Hum Evol 50: 523-533.

5Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

16Bermidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

17Sprinz R. 1953. The linking tooth: a rare anomaly of a mandibular premolar. British Dent J
95: 108- 109.

18Soares 1J, Goldberg F. 2002. Endodoncia: técnicas y fundamentos. Ed Panamericana.

9Cohen S. Hargreaves KM. 2008. Pathways of the pulp. Elsevier-Mosby.
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tafonémicos que alteren gravemente la superficie radicular. Este es el caso de los
dientes de la mandibula ATE9-1 de la Sima del Elefante (Atapuerca), la mayor parte
de los especimenes presentan fracturas coronales y/o un elevado grado de desgaste.
El alto grado de hipercementosis presente en sus raices impide realizar descripciones
exactas de su morfologia externa. En este contexto el estudio de la cavidad pulpar
cobra especial importancia.

Objetivo 1: Estudiar mediante microtomografia computarizada la morfologia
de las raices y los conductos radiculares de los segundos premolares permanentes
mandibulares de Homo sp. (Sima del Elefante), H. antecessor (Gran Dolina - TD6),
H. heidelbergensis (Sima de los Huesos), H. neanderthalensis (Krapina, Regourdou
y Abri Bourgeois-Delaunay) y H. sapiens .

Objetivos especificos:

1. Describir y analizar la morfologia de las raices y conductos radiculares de los se-
gundos premolares permanentes mandibulares de hominidos fosiles y humanos

modernos, realizando comparaciones entre especies.

2. Desarrollar un método para realizar una determinacién cuantitativa de los con-
ductos radiculares en relacién con su morfologia radicular externa en segundos
premolares permanentes mandibulares de hominidos fésiles y humanos moder-

10S.

Objetivo 2: Estudiar mediante tomografia y microtomografia computarizadas
las raices y las cavidades pulpares de los dientes de la mandibula ATE9-1 del yaci-
miento de la Sima del Elefante (Atapuerca, Espana).

Objetivos especificos:

1. Describir la morfologia de raices y las cavidades pulpares de los dientes de la
mandibula ATE9-1 de la Sima del Elefante (Sierra de Atapuerca, Espana).

2. Analizar el grado de concordancia entre la morfologia interna y externa de las
raices dentales de la mandibula ATE9-1.

Al igual que los objetivos, la estructura de este trabajo de Tesis Doctoral esta di-

vidida en dos partes claramente diferenciadas: 1. el estudio de la morfologia de las
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raices y los conductos radiculares de los segundos premolares permanentes mandi-
bulares y 2. el estudio de las raices y los conductos radiculares de la mandibula
ATEO9-1. Sin embargo, se han desarrollado de forma conjunta dos partes: la seccién
Introduccion y dentro de la secciéon Materiales y métodos la primera parte denomi-

nada Validacién del método.
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1 Antropologia dental

Debido a su durabilidad, abundancia y buen estado de preservacion con respecto
a otros tejidos duros del cuerpo, los dientes son los elementos con mas posibilidades
de fosilizar y constituyen la mayor parte del registro fésil de los hominidos 2°. Por
este motivo muchos de los estudios realizados en evoluciéon humana se han basado
en el andlisis de la denticion. Ademas, el esmalte de la corona no esta sometido a
procesos de remodelacién 6sea. Esto implica que, una vez formada, la morfologia
externa de la corona tan solo se vera afectada por procesos de desgaste. Este hecho
hace de los dientes elementos especialmente importantes en la conservacién de la
informacién genética de los organismos?! en contraste con los huesos, que sufren un

proceso continuo de remodelacion y son muy susceptibles a los factores ambientales.

El desarrollo, grosor y proporciones de los tejidos y los detalles morfologicos exter-
nos de los dientes de los hominidos fésiles han sido ampliamente estudiados durante
el siglo XX por los expertos en paleoantropologia. Nuestro conocimiento sobre la
historia de vida y las relaciones filogenéticas de las diferentes especies de hominidos
fosiles se han basado mayoritariamente en los estudios clasicos de la morfologia ex-

22,23,24

terna de la corona , estudios mediante morfometria geométrica de la anatomia

20Hillson S. 1996. Dental Anthropology. Cambridge: University Press.

21Scott GR, Turner IT CG. 1997. The anthropology of modern human teeth. Cambridge Univer-
sity Press

22Bermtidez de Castro JM. 1988. Dental remains from Atapuerca/Ibeas (Spain) II. Morphology.
J Hum Evol 17: 279-304.

ZBermidez de Castro JM. 1993. The Atapuerca dental remains. New evidence (1987-1991 ex-
cavations) and interpretations. J Hum Evol 24: 339-371.

24Trish JD, Guatelli-Steinberg D. 2003. Ancient teeth and modern human origins: an expanded
comparison of African Plio-Pleistocene and recent world dental samples. J Hum Evol 45: 113-114.
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de la corona dental?®25:27  cuantificacién del grosor del esmalte?®2?:3 forma de la

31,32,33 34,35,36

linea amelo-dentinaria , asi como en la morfologia de las raices dentarias

Ademas de los datos morfoldgicos, el estudio de los dientes aporta otro tipo de
informacion. Se han realizado multiples estudios sobre la utilidad de los dientes para
inferir los patrones de desarrollo de los individuos a los que pertenecieron3” 38:39,40,41

Al ser los dientes la tnica parte esquelética en contacto con el medio externo, tam-

% Bailey SE, Lynch JM. 2005. Diagnostic differences in mandibular P4 shape between Neander-
tals and anatomically modern humans. Am J Phys Anthropol 126: 268-277.

26Martinén-Torres M, Bastir M, Bermtdez de Castro JM, Gémez A, Sarmiento S, Muela A,
Arsuaga JL. 2006. Hominin lower second premolar morphology: evolutionary inferences through
geometric morphometric analysis. J Hum Evol 50: 523-533.

27Gémez-Robles A, Martinén-Torres M, Bermtdez de Castro JM, Prado L, Sarmiento S, Arsuaga
JL. 2008. Geometric morphometric analysis of the crown morphology of the lower first premolar on
hominins, with special attention to Pleistocene Homo. J Hum Evol 55: 627-638.

Z8Martin LB. 1985. Significance of enamel thickness in hominoid evolution. Nature 314: 260263.

2Kono R. 2004. Molar enamel thickness and distribution patterns in extant great apes and
humans: new insights based on a 3-dimensional whole crown perspective. Anthropol Sci 112: 121146.

390lejniczak AJ, Smith TM, Skinner MM, Grine FE, Feeney RN, Thackeray JF, Hublin JJ. 2008.
Three-dimensional molar enamel distribution and thickness in Australopithecus and Paranthropus.
Biology Letters 4: 406-10.

31Korenhof CAW. 1961. The enamel-dentine border: a new morphological factor in the study of
the (human) molar pattern. Proc Koninkl Nederl Acad Wetensch 64B: 639-664.

32Skinner MM, Wood BA, Boesch C, Olejniczak AJ, Rosas A, Smith TM, Hublin JJ. 2008. Dental
trait expression at the enamel-dentine junction of lower molars in extant and fossil hominoids. J
Hum Evol 54: 173-186.

33Skinner MM, Wood BA, Hublin JJ. 2009. Protostylid expression at the enamel-dentine junction
and enamel surface of mandibular molars of Paranthropus robustus and Australopithecus africanus.
J Hum Evol 56: 76-85.

34 Abbott SA. 1984. A comparative study of tooth root morphology in the great apes, modern
man and early hominids. Ph.D. dissertation. University of London.

35Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

36Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens. J Hum Evol 59525-41.

37Smith BH. 1986. Dental development in Australopithecus and early Homo. Nature 323: 327-
330.

38Beynon AD, Dean MC. 1988. Distinct dental development patterns in early fossil hominids.
Nature 335: 509-14.

39Dean C, Leakey MG, Reid D, Schrenk F, Schwartz GT, Stringer C, Walker A. 2001.Growth
processes in teeth distinguish modern humans from Homo erectus and earlier hominins. Nature
414: 628-631.

40Ramirez Rozzi FV, Bermudez De Castro JM. 2004. Surprisingly rapid growth in Neanderthals.
Nature 428: 936-939.

4IMacchiarelli R, Bondioli L, Debénath A, Mazurier A, Tournepiche JF, Birch W, Dean MC.
2006. How Neanderthal molar teeth grew. Nature 444: 748-51.
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bién se puede obtener de ellos informacién sobre la dieta asi como sobre actividades
diferentes a la masticacién que implican la utilizacién de los dientes 42:43:44:45,

La condicién ancestral heterodonta (presencia de mas de una clase dental) de
los mamiferos se describe mediante la férmula dental 3143 (3 incisivos, 1 canino, 4
premolares y 3 molares) en cada hemi-mandibula, los diferentes grupos de mamife-
ros han divergido de este patrén inicial dando lugar a variaciones en funcién de la
especializacién de cada grupo. Los mamiferos mas primitivos mantienen la férmula
dental ancestral 3143, pero enseguida pierden un incisivo y uno o dos premolares.
Los premolares que pierden son el primero y el segundo, quedando el tercero y cuarto
premolar (Figura 1.1). Por este motivo en la tesis se denomina al primer premolar
P3 y al segundo premolar P4. En paleoantropologia, los diferentes tipos de dientes
se designan con las abreviaturas I (incisivo), C (canino), P (premolar) y M (molar),
y para referirnos a un diente en concreto se utiliza un indicador numérico y la termi-
nologia inglesa abreviada que indica al mismo tiempo el maxilar y la hemiarcada, de
forma que el diente LRP4 serfa un segundo premolar inferior derecho (lower right)

y ULI1 un primer incisivo superior izquierdo (upper left) 4.

42Lozano M, Bermidez de Castro JM, Carbonell E, Arsuaga JL. 2008. Non-masticatory uses
of anterior teeth of Sima de los Huesos individuals (Sierra de Atapuerca, Spain). J Hum Evol 55:
713-728.

43Ungar PS, Grine FE. 1991. Incisor size and wear in Australopithecus africanus and Paranth-
ropus robustus. J Hum Evol 20: 313-340.

44Pgrez-Pérez A, Bermidez de Castro JM, Arsuaga JL. 1999. Non-occlusal dental microwear
analysis of 300,000-year-old H. heiddelbergensis teeth from Sima de los Huesos (Sierra de Atapuerca,
Snpain). Am J Phys Anthropol 108: 433-457.

45Pérez-Pérez A, Espurz V, Bermidez de Castro JM, De Lumley MA, Turbén D. 2003. Non-
occlusal dental microwear variability in a simple of Middle and Late Pleistocene human population
from Europe and the Near East. J Hum Evol 44: 497-513.

46pérez-Pérez A, Galbany J, Romero A, Martinez LM, Estebaranz F, Pinilla B, Gamarra B.
2010. Origen y evolucion de los dientes: de los cordados primitivos a los humanos modernos. Rev.
Esp. Antrop. Fis 31: 167-192.

47Pérez-Pérez A, Galbany J, Romero A, Martinez LM, Estebaranz F, Pinilla B, Gamarra B.
2010. Origen y evolucién de los dientes: de los cordados primitivos a los humanos modernos. Rev.
Esp. Antrop. Fis 31: 167-192.



20 Rewvision Doctrinal

diastema

(B & PIPE B8 Ed g ME IE

vam" 3143

Mamifero primitivo

P2 P3 P2
2 ;;Q:: ,. 2133
F Y
Prosimio (lemur)
- P2 P3 P4
2133
A
Platirhino (cébido)
- P3 P4
2175
sectorial
Catarhino (cercopitecoideo)
P3 P4

BT |
97000 e &

Homo

Figura 1.1: Variacion del nimero de dientes en los primates (Imagen tomada de Pérez-
Pérez et al., 2010*7).



2 Odontogénesis

Los dientes se desarrollan a partir de brotes epiteliales que, generalmente, co-
mienzan su formacion en la porcién anterior de los maxilares y avanzan en direccién
posterior. Poseen una forma determinada de acuerdo con el diente al que daran origen
y tienen una ubicacién precisa en los maxilares. Todos poseen un plan de desarrollo
comun, que sera realizado de forma gradual y paulatina. Hay dos capas germinativas
que participan en la formacién de los dientes: el epitelio ectodérmico, que da origen
al esmalte, y el ectomesénquima que origina el complejo dentinopulpar, cemento,
ligamento periodontal y hueso alveolar®.

El desarrollo dental consta de un sistema complejo de senales a nivel embriol6gi-
co?® durante el cual, sélo las alteraciones cromosémicas o los cambios ambientales

graves podran alterar el control genético de la odontogénesis®®-51:52,

2.1. Desarrollo y formaciéon de la corona

Los cambios quimicos, morfolégicos y funcionales que comprenden el ciclo vital
de los 6rganos dentarios comienzan en la sexta semana de vida intrauterina (apro-

ximadamente 45 dias) y contintan a lo largo de la vida del diente. La primera

48Goémez ME, Campos A. 2004. Histologfa y embriologia bucodental. Editorial médica Paname-
ricana.

49Saunders SR, Mayhall JT. 1982. Developmental patterns of human dental morphological traits.
Arch Oral Biol 27: 45-49.

50Butler PM. 1939. Studies in the mammalian dentition and of differentiation of the postcanine
dentition. Proc Zool Soc London. B 209: 1-36.

5lGarn SM, Dahlberg AA, Lewis AB, Kerewsky RS. 1966. Groove pattern, cusp number and
tooth size. J Den Res 45: 970.

52Turner CG II. 1969. Microevolutionary interpretations from the dentition. Am J Phys Anth-
ropol 30: 421-426.
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manifestacion es la diferenciacién de la lamina dental a partir del ectodermo que
tapiza el estomodeo. Inducidas por el mesénquima subyacente, las células basales del
epitelio bucal proliferan a lo largo del borde libre de los futuros maxilares, dando
lugar a dos estructuras nuevas: la lamina vestibular, a partir de la cual se formara el
surco vestibular, y la lamina dentaria, a partir de la cual se formaran los gérmenes
dentarios temporales y permanentes®.

Los gérmenes dentarios siguen una serie de etapas denominadas, de acuerdo a
su morfologia, fase de yema, fase de casquete, fase de campana y fase de foliculo
dentario, terminal o maduro®5°(Figura 2.1).

Una vez formado el patréon coronario y comenzado el proceso de histogénesis den-
tal mediante los mecanismos de dentinogénesis y amelogénesis, comienza el desarrollo
y formacién del patrén radicular®®.
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Figura 2.1: Esquema de los estadios de formacion de la corona y la raiz (Imagen tomada
de wwuw.helsinki.fi/science/dentenv/).

53Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

%Nanci A. 2003. Ten Cates oral histology: development, histology and function. Ed. Mosby.

% Goémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

56Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.
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2.2. Desarrollo y formacion de la raiz

La vaina epitelial de Hertwig es una estructura que resulta de la fusién del epitelio
externo e interno del érgano del esmalte. Desempenia un papel fundamental en la

formacién de la raiz dental, como inductora y modeladora®”:58:59

La vaina prolifera en profundidad y en relacién con el saco dentario por su parte
externa y con la papila dentaria de forma interna. Al proliferar, la vaina induce a
la papila para que los odontoblastos radiculares se diferencien en la superficie del
mesénquima papilar. La vaina epitelial de Hertwig pierde su continuidad cuando
se deposita la primera capa de dentina radicular, formando los restos epiteliales de

Malassez60:61,

El epitelio de la vaina modela ademas el futuro limite cemento-dentinario en la

raiz, e induce la formacién de dentina por dentro y cemento por fuera®?:63,

En los dientes multirradiculares la vaina emite dos o tres lenglietas epiteliales
o diafragmas en el cuello, dirigidas hacia el eje del diente, destinadas a formar,
por fusién, el suelo de la cdmara pulpar (Figura 2.2). Una vez delimitado el suelo,
los diafragmas proliferan en forma individual en cada una de las raices®:6>:66 Al
completarse la formacién de la raiz, la vaina epitelial se curva hacia adentro (en
cada lado) para formar un diafragma. Esta estructura marca el limite distal de la

raiz y envuelve el apice primario. Por el agujero entran y salen los nervios y vasos

5"Nanci A. 2003. Ten Cates oral histology: development, histology and function. Ed. Mosby.

58Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

5Wright T. 2007. The Molecular Control of and Clinical Variations in Root Formation. Cells
Tissues Organs 186: 8693.

5ONanci A. 2003. Ten Cates oral histology: development, histology and function. Ed. Mosby.

61Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

62Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

63Wright T. 2007. The Molecular Control of and Clinical Variations in Root Formation. Cells
Tissues Organs 186: 8693.

64Nanci A. 2003. Ten Cates oral histology: development, histology and function. Ed. Mosby.

65Goémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

66Wright T. 2007. The Molecular Control of and Clinical Variations in Root Formation. Cells
Tissues Organs 186: 8693.
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sanguineos de la camara pulpar®’.

Figura 2.2: Dibujo esquemdtico que muestra las invaginaciones de la vaina epitelial de
Hertwig en los dientes de una sola raiz, de dos y de tres raices. Las flechas pequenias indican
el crecimiento en direccion apical, mientras que las grandes senalan las invaginaciones de
las lengiietas epiteliales. (Imagen tomada de Mjor, 19898 ).

La estructura de la raiz, tanto en dientes unirradiculares como multirradiculares,
esté determinada por la forma y la invaginacién de la vaina epitelial de Hertwig%?. Las
desviaciones en el proceso de invaginacion de la vaina pueden dar lugar a variaciones

en las morfologfas radiculares™ ™.

67Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.

68Mjor F. 1989.Embriologia e histologia oral humana. Editorial Salvat.

69Kovacs 1. 1971. A systematic description of dental roots. In: Dahlberg AA (Ed). Dental morp-
hology and evolution. The University of Chicago Press, Chicago and London.

"OWright T. 2007. The Molecular Control of and Clinical Variations in Root Formation. Cells
Tissues Organs 186: 8693.

"'Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens. J Hum Evol 59: 525-41.



3 Cavidad Pulpar

Se denomina cavidad pulpar a aquella que esta rodeada de tejidos duros, ocupa-
da por un tejido laxo denominado pulpa. Esta cavidad puede subdividirse en tres
partes anatémicas perfectamente diferenciadas pero que fisiolégicamente forman un
conjunto: cdmara pulpar, conductos radiculares y dpice radicular™.

Se considera que la camara pulpar estd contenida en la corona y el conducto
radicular en la raiz, mientras que el dpice se encuentra en la zona de transicién

cementaria entre el diente y el periodonto™.

3.1. Camara pulpar

Aunque muchos autores han descrito la camara pulpar y los conductos radicu-
lares, su andlisis ha sido muy bien sistematizado por Canalda y Brau (2006)™. A
continuaciéon exponemos un resumen de su descripciéon. La camara pulpar es el es-
pacio interno del diente localizado en la corona. Esta recubierta completamente por
dentina y no posee conductos colaterales. Se relaciona con los conductos radiculares
mediante los orificios que constituyen la entrada de los mismos.

La camara pulpar tiende a reproducir groseramente la superficie externa del dien-
te invertida. Puede considerarse de forma ctibica con 6 caras concavas o convexas
(mesial, distal, vestibular, lingual, techo y suelo). Las formas de las caras no son

constantes, dependen del grado de calcificacién del diente. El volumen de la camara

"2Yoshioka T, Villegas JC, Kobayashi C, Suda H. 2004. Radiographic evaluation of root canal
multiplicity in mandibular first premolars. J Endod 30: 73-4.

"Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.

"Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.
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pulpar no es constante, debido a los continuos cambios fisiolégicos de la dentina.

El techo de la camara pulpar es la pared oclusal o incisal, presenta forma céncava,
con la concavidad hacia la cara oclusal o el borde incisal™. Se observa una retraccién
del techo cameral en aquellos dientes cuyas cispides presentan contactos prematuros
en la oclusion o en los bruxistas, por la aposiciéon aumentada de dentina reactiva.

El suelo cameral se observa en todos los dientes que presentan més de un conducto
radicular. Desaparece en unirradiculares, en los que la tnica diferenciacion entre
camara y conducto puede constatarse ligeramente a través de una pequena estrechez
que forman las paredes laterales que en la mayoria de los casos se corresponderia con
el cuello anatémico del diente.

Las paredes vestibular y lingual de la camara pulpar de los dientes suelen te-
ner forma cuadrangular y ligeramente céncavas hacia el centro de la cavidad pulpar
aunque en algunas esta concavidad se transforma en convexidad por aposicién den-
tinaria. Su relacién con las paredes contiguas (mesial y distal) no se realiza de forma
clara con una arista definida, sino més bien con d4ngulos redondeados™ . Las paredes
mesial y distal adoptan una forma semejante a las caras externas con las que se
relacionan. Si bien en los molares y premolares esas paredes presentan una forma

cuadrangular, en incisivos y caninos la forma es triangular.

3.2. Conductos radiculares

Conducto radicular es la comunicacién entre la camara pulpar y el periodonto
que se dispone a lo largo de la zona media interna de la raiz™.

La primera representacion detallada y sistematica de la anatomia de los conduc-
tos radiculares se debe a Carabelli (1844)7. Actualmente se denomina sistema de

conductos radiculares, sobre todo en las raices de los dientes posteriores, al complejo

"Soares 1J, Goldberg F. 2002. Endodoncia: técnicas y fundamentos. Ed Panamericana.

"6Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bai-
celona.

""Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.

"8Lozano A, Forner L, Llena MC. 2004. Estudio in vitro de la anatomia del sistema de conductos
radiculares con radiologia convencional y digital. Endod 22: 23-43.

" Carabelli G. 1844. Systemisches Handbuch der Zahnheilkunde. Anatomie des Mundes, V2.
Braunmiiller und Seidel, Wien.
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plexo pulpar formado por el entrecruzamiento de los conductos colaterales, bifur-
cados, confluentes, laterales, interconductos y conductos recurrentes, que crean un
intrincado proceso radicular que llega hasta el delta apical®.

En general el didametro mayor del conducto se observa siempre en el suelo cameral
y, a medida que transcurre por la region radicular, se va estrechando progresivamente
hasta llegar al apice radicular. Sin embargo se presentan variaciones como paredes
paralelas e incluso paredes divergentes.

El calibre transversal del conducto no es constante, esta relacionado con la edad
del individuo. Las diferentes aposiciones dentinarias disminuyen la luz del conducto
cuando el diente va envejeciendo, pudiéndose encontrar incluso conductos completa-
mente obliterados por las diferentes capas superpuestas de dentina®'.

La forma del conducto en seccion transversal es muy variable, pero recuerda a la

forma de la raiz que lo contiene. Puede dividirse en:

e Forma circular: sobre todo en incisivos centrales y caninos superiores (raices

circulares)

e Forma eliptica (aplanada): se encuentra en las raices cuyos didmetros mayor
y menor son muy diferentes o en la fusién total de dos raices (en la fusién parcial

generalmente se encuentran dos conductos redondeados).

e Forma en C: se da especialmente en las raices mesiales de los molares inferiores
y segin Seo y Park (2004)%? pueden observarse diferentes configuraciones que
pueden conformar hasta dos conductos independientes. La prevalencia de esta

forma es del 32,7 %.

Los conductos suelen ser rectos, como acontece en la mayor parte de los incisi-
vos centrales superiores, pero se considera como normal cierta tendencia a curvarse

levemente hacia distal®3.

80Lasala A. 1992. Endodoncia. Ed. Masson Salvat Odontolégica.

81Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.

82Ge0 MS, Park DS. 2004. C-shaped root canals of mandibular second molars in a Korean
population: clinical observations and in vitro analysis. Ind Endod 37: 139-44.

83Kutler Y. 1980. Fundamentos de Endo-metaendodoncia practica. Editorial Méndez Oteo.
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En general el conducto principal de cada raiz sigue el eje que esta traza discurrien-

do por el centro de la misma®?. Se considera que pueden presentarse 3 disposiciones:

e Recta: sigue el eje longitudinal de la raiz con la misma forma

e Arciforme: Sigue también la forma de la raiz, pero ésta presenta una forma

curvada sin ningun tipo de angulaciones. Es la mas frecuente.

e Acodada: Se presenta una curvatura en la raiz en forma de angulo muy mar-

cado y el conducto sigue aproximadamente la misma direccién.

Estas alteraciones de forma pueden darse sin que haya una relacién espacial con

la raiz. Tanto unas como las otras pueden clasificarse® en:

Acodadura parcial: Afecta al tercio apical

Curvatura total: Afecta a la totalidad de la raiz

e Acodamiento: Curvatura muy marcada
e Dilaceracién: Acodamiento en dangulo agudo. Se considera una forma pa-
tologica

La pared del conducto radicular puede adoptar dos formas: lisa y rugosa. Gene-
ralmente la dentina se aposiciona de forma concéntrica y configura una pared lisa del
conducto radicular; sin embargo cuando se aposiciona dentina amorfa en las paredes

del conducto, puede aparecer una superficie rugosa.

3.3. Apice radicular

El conducto radicular recorre la raiz disminuyendo paulatinamente su didmetro
hasta terminar en el apice radicular, en la denominada constriccién apical, formando

un cono largo y estrecho llamado cono dentinario o porciéon dentinaria, que contiene

84Kutler Y. 1980. Fundamentos de Endo-metaendodoncia préactica. Editorial Méndez Oteo.
85Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.
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la pulpa (odontoblastos). Se continda con otro cono mas corto y ancho, el cono
cementario o porciéon cementaria con tejido conjuntivo periodontal y células que
forman el cemento®®. En la regién apical lo normal es la irregularidad, la inconstancia
y la multiplicidad®".

Donde termina el tejido pulpar, al no haber odontoblastos, deja de formarse
dentina; a partir de este punto son los cementoblastos del tejido periodontal los
encargados de formar cemento. Asi pues la pulpa termina y comienza el periodonto
en la unién cemento-dentinaria (UCD), que es una linea circular que separa los tejidos
pulpar y periodontal formando un limite anatéomico y biolégico. La mayoria de los
foramenes salen hacia distal aunque pueden hacerlo por cualquiera de los 360 grados
de la circunferencia apical. La UCD es muy dificil de reconocer, a veces hasta en las
preparaciones histoldgicas, y frecuentemente coincide con la constriccién apical®®.

El apice ideal es la terminacion radicular rectilinea, en forma de semicirculo, en
la que el cemento rodea a toda la dentina, con un conducto tnico, completamente
paralelo al eje de la raiz, que se estrecha gradualmente hasta formar el agujero que
comunica con el periodonto. Este agujero se denomina foramen. Sin embargo, este

tipo de apice es el menos frecuente, casi inexistente en la practica. Partiendo de este

concepto, los distintos tipos apicales se dividen en:
e Apice recto: que sigue la direccién del eje mayor del diente
° Apice curvo: que sigue la curvatura gradual de la raiz
e Apice incurvado: en forma de S itdlica.

El apice es la zona donde el conducto presenta un mayor nimero de ramificaciones
y, en ocasiones, se forma un delta apical. Basicamente pueden diferenciarse dos tipos

de deltas apicales®:

e De arborizacion con desapariciéon del conducto: El conducto principal,

al llegar al apice radicular, desaparece practicamente, transformandose en una

86Rodriguez Ponce A. 2003. Endodoncia: consideraciones actuales. Editorial Amolca.

87Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.

88Rodriguez Ponce A. 2003. Endodoncia: consideraciones actuales. Editorial Amolca.

89Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.
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parte de colaterales terminales en donde no se puede distinguir el conducto

principal.

e De arborizacion sin desapariciéon del conducto: Aparece una trama ar-
borizada al llegar a la porcién apical pero el conducto principal no desaparece

sino que continta diferenciado, y esta arborizacién se crea a partir del mismo.

El foramen es la terminacion del conducto principal, las foraminas son los dife-

rentes orificios que se encuentran alrededor del foramen y que permiten la desembo-

cadura de los diversos conductillos que forman el delta apical®.

90Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.



4 Morfologia de las raices y de los
conductos radiculares en segundos
premolares permanentes

mandibulares.

4.1. Humanos modernos

El segundo premolar permanente mandibular presenta, en general, un menor

grado de complicacién radicular que el primer premolar?!-92,

El segundo premolar inferior ha sido descrito en numerosos estudios como un

diente unirradicular con un conducto radicular tinico 93-94,95,96,97,98,99

, aunque otros
estudios han sugerido que la morfologia de la raiz y de los conductos radiculares

de los segundos premolares inferiores puede ser, en algunas ocasiones, compleja y

91Soares 1J, Goldberg F. 2002. Endodoncia: técnicas y fundamentos. Ed Panamericana.

92Cohen S, Burns RC. 2002. Pathways of the pulp. Mosby, St Louis.

93Black G. 1902. Descriptive anatomy of the teeth. 4th ed. Philadelphia: SS White Dental Ma-
nufacturing Company.

94Fuller J, Denehy G. 1984. Concise dental anatomy and morphology. 2nd ed. Chicago: Year
Book Medical Publishers, Inc.

9 Jordan R, Abrams L, Kraus B. 1992. Kraus dental anatomy and occlusion. 2nd ed. St Louis:
Mosby Year Book, Inc.

9%Ingle J, Bakland L. 2002. Endodontics. 5th ed. Hamilton: BC Decker.

9"Woelfel J, Scheid R. 2002. Dental anatomy: its relevance to dentistry. Philadelphia: Lippincott
Williams & Wilkins.

98 Ash M, Nelson S. 2003. Wheelers dental anatomy, physiology and occlusion. 8th ed. Philadelp-
hia: Saunders.

99Brown P, Herbranson E. 2005. Dental anatomy & 3D tooth atlas version 3.0. 2nd ed. Chicago:
Quintessence.
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100,101 102,103,104 "1 5 forma eliptica de la seccién transversal de su raiz

muy variable
normalmente presenta surcos de desarrollo o depresiones en las superficies mesial y

distal.

En la literatura cientifica destaca el trabajo de revision bibliogréafica de Cleghorn
et al.(2007) sobre la morfologia de las raices y los conductos radiculares de los se-
gundos premolares permanentes mandibulares. Los resultados mas interesantes de su
trabajo se resumen en las tablas 4.1 y 4.2. La presencia de mas de una raiz, mas de
un conducto radicular y mas de un foramen apical es menos frecuente en el segun-
do premolar inferior que en el primero. La mayor parte de los segundos premolares
inferiores (99,6 %) presentan una raiz tnica. La frecuencia porcentual de dos o més
raices en este diente es de aproximadamente de un 0,4 %. La mayoria de los segundos
premolares inferiores poseen un tnico conducto radicular. Solo un 9% poseen dos
o mas conductos. En nueve de cada diez casos, los segundos premolares inferiores
presentan un tunico foramen apical, mientras que en un 8,2 % de los casos existen
dos o més foraminas'®®. Aunque se han realizado pocos estudios al respecto, se ha
observado que la incidencia de uno o varios conductos en los segundos premolares
inferiores podria estar relacionada con el género, con una mayor prevalencia de dos

o mas conductos en hombres!'%6-107,

100 aylor R. 1978. Variations in morphology of teeth. Springfield, IL: Charles C. Thomas Pub.

101\alton R, Torabinejad M. 1996. Principles and practice of endodontics. 2nd ed. Philadelphia:
WB Saunders Co.

102 Ash M, Nelson S. 2003. Wheelers dental anatomy, physiology and occlusion. 8th ed. Philadelp-
hia: Saunders.

103Brown P, Herbranson E. 2005. Dental anatomy & 3D tooth atlas version 3.0. 2nd ed. Chicago:
Quintessence.

104Cleghorn BM, Christie WH, Dong CC. 2006. Root and root canal morphology of the human
permanent maxillary first molar: a literature review. J Endod 32: 81321.

105Cleghorn BM, Christie WH, Dong CC. 2007a. The root and root canal morphology of the
human mandibular second premolar: a literature review. J Endod 33: 1031-7.

106German NJ, Hasselgren G. 1992. The radiographic incidence of multiple roots and canals in
human mandibular premolars. Int Endod J 25: 234 7.

107Gert S, Bayirli GS. 2004. Evaluation of the root canal configurations of the mandibular and
maxillary permanent teeth by gender in the Turkish population. J Endod 30: 391 8.

108Cleghorn BM, Christie WH, Dong CC. 2007a. The root and root canal morphology of the
human mandibular second premolar: a literature review. J Endod 33: 1031-7.

109Cleghorn BM, Christie WH, Dong CC. 2007a. The root and root canal morphology of the
human mandibular second premolar: a literature review. J Endod 33: 1031-7.
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Tabla 4.1: Ndmero de raices en el seqgundo premolar inferior (Resumen de la tabla de

Cleghorn et al., (2007a)'%%).

Referencia Nimero de Dientes 1 Raiz 2 Raices 3 Raices
(Orden cronolégico) Estudiados
(Pais)
Barrett (1925) 32 (USA) 100%
Visser (1948) 2,089 (Alemania) 99.85 % 0.05% 0.1%
Zillich and Dowson (1973) 906 (USA) 96.6 % 04%
Vertucci (1978) 400 (USA) 100 %
Geider et al. (1989) 328 (Francia) 97.6 % 0.4%
Caliskan et al. (1995) 100 (Turquia) 100 %
Zaatar et al. (1997) 64 (Kuwait) 95.6 % 4.7%
Sert and Bayirti (2004) 100 (Turquia) 100 %

Tabla 4.2: Numero de conductos de los seqgundos premolares permanentes mandibulares

(Resumen de la tabla de Cleghorn et al.(2007a)'%°).

Referencia Numero de 1 Conducto 2 o maés 1 conducto 2 o més con-
dientes conductos en el apice ductos en el
estudiados apice
(Pais)
Barrett (1925) 32 (USA) 65.6 % 34.4%
Pineda and Kuttler 250 (Méjico) 98.8% 1.2% 98.8% 1.2%
(1972)
Zillich and Dowson 906 (USA) 87.5% 125% 88.4% 11.6%
(1973)
Green (1973) 50 (USA) 92% 8% 96 % 4%
Vertucci (1978) 400 (USA) 97.5% 25% 97.5% 2.5%
Miyoshi et al. 653 (Japoén) 97.9% 2.1%
(1977)
Geider et al. (1989) 328 (Francia) 86.6 % 13.4%
aliskan et al. (1995) 100 (Turquia) 93.6 % 6.4 % 93.6 % 6.4 %
Zaalar et al. (1997) 64 (Kuwait) 95.3% 4.7% 95.3% 4.7%
Sert and Bayirli 200 (Turquia) 1% 29 % 81.5% 18.5%
(2004)
Hasheminia and 80 (Irén) 88.8% 11.2% 97.5% 2.5%

Hashemi (2005)

4.2.

Tendencias evolutivas

Se ha observado que la variacién en el nimero de raices en los premolares pue-

de ser un reflejo de un polimorfismo genético ligado a diferencias filogenéticas en

hominidos del Plio-Pleistoceno!'%! En un estudio realizado por Wood y colabora-

10Abbott SA. 1984. A comparative study of tooth root morphology in the great apes, modern

man and early hominids. Ph.D. dissertation. University of London.
11IWood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-

Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.
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dores en 198812 sobre la morfologia radicular de la denticién postcanina, utilizando
radiografias y observacién directa se observé que la morfologia radicular primitiva
de los segundos premolares inferiores del clado hominido/grandes simios es 2R: M
y D (raices mesial y distal con dos conductos radiculares bien diferenciados, uno
en cada raiz). Esta morfologia radicular primitiva presenta al menos dos tendencias
evolutivas posibles. Una de las tendencias daria lugar a la reduccién radicular (ej. P4
= 1R), aparentemente, esta tendencia implicaria el desplazamiento progresivo de la
furca con una reducciéon del tamano de la raiz y el paso de raices aplanadas mesiodis-
talmente a raices més redondeadas para finalizar en una unica raiz (Figura 4.1). La
segunda tendencia observada en el trabajo de Wood et al. (1988) darfa lugar a una
complejidad radicular o molarizacién, en su expresion mas desarrollada, los segundos
premolares inferiores estarian soportados por dos raices, mesial y distal similares a
las de los molares mandibulares (ej. P4 = 2R: M y D con un tnico conducto radicu-
lar aplanado mesiodistalmente en cada una de las raices). La forma extrema de esta
ultima tendencia sera la molarizacion de las raices de los premolares observada en
Paranthropus boisei . A pesar de las importantes variaciones taxondémicas observadas
en la morfologia de los segundos premolares inferiores, se ha observado una pequena
variacién de tamano, exceptuando el sistema radicular distal en Paranthropus boiset,

significativamente mas robusto.

1R

@™ %”%

Figura 4.1: Tendencias evolutivas propuestas en la morfogia de los premolares en homini-
dos fésiles (Imagen tomada de Wood et al.,1998™3).

112Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

13Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.
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Lingual Buceal

Distal

Figura 4.2: Secuencia de transformacion hipotética de la morfologia radicular del premolar
mandibular 2R: M+D (A) a la morfologia derivada observada en H. antecessor (Gran
Dolina TDG6) (C). (Imagen tomada de Bermiidez de Castro et al., 1999'16).

En un estudio descriptivo y comparativo realizado por Bermudez de Castro y co-

9114

laboradores en 199 sobre los restos dentales humanos encontrados en el nivel TD6

de la Gran Dolina hasta esa fecha se observd una morfologia radicular caracteristica,

15 “en el

no identificada anteriormente en el estudio de Wood y colaboradores (1988)
segundo premolar inferior de H. antecessor (Gran Dolina-TD6). La nueva morfologia
identificada se caracterizaba por una raiz disto-lingual (DL) y otra raiz mesio-bucal
(MB). Se considera que esta morfologia podria derivar de la hipotética morfologia
primitiva (2R: M+D) descrita por Wood et al.(1988), en el estudio de Bermudez de
Castro et al. (1988) se comenta la posible transicién de esta morfologia a la forma
derivada de raiz unica (1R) mediante la desaparicién del proceso interradicular y
la fusién de los conductos radiculares. La morfologia radicular observada en los se-
gundos premolares del nivel TD6 de la Gran Dolina podria reflejar una condicién

derivada tnica de esta especie (Figura 4.2).

14Bermiidez de Castro JM, Rosas A, Nicolds ME. 1999. Dental remains from Atapuerca-TD6
(Gran Dolina site, Burgos, Spain). J Hum Evol 37: 523566.

15Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

116Bermiidez de Castro JM, Rosas A, Nicolds ME. 1999. Dental remains from Atapuerca-TD6
(Gran Dolina site, Burgos, Spain). J Hum Evol 37: 523566.



5 Evoluciéon humana en Europa

El f6sil humano mas antiguo hallado hasta la fecha en Europa es la mandibula
ATE9-1, procedente del nivel TE9 del yacimiento de la Sima de Elefante (Sierra de

Atapuerca, Burgos) y asignada a Homo sp. 7. Su antigiiedad se cifra en torno a 1,2

HU7Bermidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from

36



Revisién Doctrinal 37

millones de anos!'®. Es muy probable que la primera ocupacién humana de Europa
sea anterior a esa fecha y alcance una antigiiedad superior a 1,5 millones de anos. Las
evidencias halladas hasta el momento en ciertos yacimientos europeos son escasas y,
salvo en lugares como Fuente Nueva 3 y Barranco Leén (cuenca de Guadix-Baza,

Granada) o Kozarnika (Bulgaria) las dataciones son problemdticas®'?.

La especie europea més antigua reconocida es Homo antecessor'?’. Esta especie ha
sido descrita a partir de un conjunto de mas de cien restos fosiles hallados en el nivel
TD6 de la Gran Dolina y con una antigiiedad propuesta de 900.000-950.000 afios'?!.
En 2003 se plante6 una posible discontinuidad entre los hominidos europeos del
Pleistoceno inferior y del Pleistoceno medio, con un reemplazo de los hominidos que
habitaban Furopa por parte de otros hominidos llegados de Africa??. Sin embargo,

1123,124,125

los nuevos datos referentes a la morfologia denta sugieren algin tipo de

relacion entre H. antecessory los hominidos del Pleistoceno medio (H. heidelbergensis

Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

18Carbonell E, Bermidez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

19\ artinén-Torres M, Dennell R, Bermtdez de Castro JM. 2011a. The Denisova hominin need
not to be an out of Africa story. J Hum Evol 60: 251-255.

120Bermiidez de Castro JM, Arsuaga JL, Carbonell E, Rosas A, Martinez I, Mosquera M. 1997.
A hominid from the Lower Pleistocene of Atapuerca, Spain: possible ancestor to Neandertals and
modern humans. Science 276: 1392-1395.

121Berger GW, Pérez-Gonzalez A, Carbonell E, Arsuaga JL, Bermtdez de Castro JM, Ku TL.
2008. Luminiscence chronology of cave sediments at the Atapuerca paleoanthropological site, Spain.
J Hum Evol 55: 300-311.

122Bermtdez de Castro JM, Martinén-Torres M, Sarmiento S, Lozano M. 2003. Gran Dolina-
TD6 versus Sima de los Huesos dental samples from Atapuerca: evidence of discontinuity in the
European Pleistocene populations? J Archaeol Sci 30: 1421-1428.

123Martinén-Torres M. 2006. Evolucién del aparato dental en hominidos: estudio de los dientes
humanos del Pleistoceno de Sierra de Atapuerca, Burgos. Tesis doctoral. Universidad of Santiago
de Compostela.

24Martinén-Torres M, Bermtidez de Castro JM, Gémez A, Bastir M, Sarmiento S, Muela A,
Arsuaga JL. 2007. Gran Dolina-TD6 and Sima de los Huesos dental samples: preliminary approach
to some dental traits of interest for phylogenetic studies. En: BAILEY S, HUBLIN JJ (Eds), Dental
perspectives on Human Evolution. Springer-Verlag, Berlin.

125Gémez-Robles A, Martinén-Torres M, Bermiidez de Castro JM, Margvelashvili A, Bastir M,
Arsuaga JL, Pérez-Pérez A, Estebaranz F, Martinez LM. 2007. A geometric morphometric analysis
of hominin upper first molar shape J Hum Evol 55: 627-638.
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), que forman el linaje de los neandertales. En la actualidad, esas relaciones estan
siendo objeto de investigacién.

126 encontrados en Europa tie-

Los restos més antiguos de H. heiddelbergensis
nen una antigiiedad de 530.000 anos. Hay numerosos yacimientos y restos fosiles
que certifican una importante poblacién en Europa durante el Pleistoceno medio
(780.000-120.000 afios). Se considera que estas poblaciones dieron lugar en Europa
a la especie H. neanderthalensis 27, que a su vez fue reemplazada por H. sapiens'?®
hace entre 40.000 y 28.000 anos B.P. La aparicién del H. neanderthalensis se remonta
hasta hace 280.000 anos. Se expandieron por Europa (con excepcién de Escandina-
via), Oriente préximo y el oeste de Asia.

Esté bastante aceptado en paleoantropologia que el H. sapiens se originé en Afri-

ca129’130’131’132

. Es muy importante situar cronoldgica y geograficamente al ancestro
comun de H. sapiens y H. neanderthalensis que marca la separaciéon de los dos linajes
133 La divergencia entre H. neanderthalensis y H. sapiens se ha situado entre 317-
741.000 anos, utilizando relojes moleculares'34:13% y entre 311-435.000 afios utilizando
relojes morfolégicos!3C.

Varias especies han sido propuestas como ancestros comunes de estas dos especies.

Se propuso a H. antecessor como 1ltimo ancestro comin'®’, esta afirmacién se basé en

126Schoetensack O. 1908. Der Unterkiefer des Homo heidelbergensis aus den Sanden von Mauer
bei Heidelberg. Leipzig: Wilhelm Engelmann.

127King W. 1864. The reputed fossil man of the Neanderthal. Quart J Sci 1: 88-97.

128 innaeus C. 1758. Tomus I. Systema naturae per regna tria naturae, secundum classes, ordines,
genera, species, cum characteribus, differentiis, synonymis, locis. Editio decima, reformata. Holmiae.
(Laurentii Salvii) 1-4: 1-824.

129Rightmire GP. 1995. Geography, time and speciation in Pleistocene Homo. S Afr J Sci. 450-454.

130Tattersall I. 1997. Out of Africa againand again? Sci Amer. 276: 60-67.

131K]ein R. 1999. The human career. Human Biological and Cultural Origins. 2nd Ed. University
of Chicago Press, Chicago.

132Gtringer CB. 2003. Out of Ethiopia. Nature. 423: 692-694.

133Stringer CB, Hublin JJ. 1999. New age estimates for the Swanscombe hominid, and their
significance for human evolution. J Hum Evol. 37: 873-877.

134Krings M, Stone A, Schmitz RW, Krainitzki H, Stoneking M, Paibo S. 1997. Neandertal DNA
sequences and the origin of modern humans. Cell 90: 19-30.

135Krings M, Geisert H, Schmitz RW, Krainitzki H, P#asbo S. 1999. DNA sequence of the mito-
chondrial hypervariable region II from the neandertal type specimen. Proc Natl Acad Sci USA 96:
5581-5585.

136\Weaver TD, Roseman CC, Stringer CB. 2007. Were Neandertal and modern human cranial
differences produced by natural selection or genetic drift? J Hum Evol 53: 135-145.

13"Bermiidez de Castro JM, Arsuaga JL, Carbonell E, Rosas A, Martinez I, Mosquera M. 1997.



Revisién Doctrinal 59

tres posibles sinapomorfias (rasgo derivado compartido en un grupo de especies): un
borde superior de la escama del hueso temporal convexo y alto, una morfologia facial
moderna y un canal incisivo vertical situado anteriormente!®®. Sin embargo, andlisis

139,140y hacen reconsiderar la posicién filogenética del H. antecessor . Se ha

recientes
aceptado tradicionalmente que H. heidelbergensis es la especie ancestral a H. sapiens
y H. neanderthalensis 1*:142. Se incluye en esta opcién a los fésiles africanos del
Pleistoceno Medio dentro de esta especie'®® a pesar de las diferencias morfolégicas
de los fésiles europeos y africanos de este periodo. Recientemente, se han propuesto
teorias sobre la hibridacion de neandertales con poblaciones de H. sapiens llegadas a

144 145,146,147 “aynque el impacto en el cédigo genético del H. sapiens de esta

148,149

Europa

hibridacion esté atin por determinar

A hominid from the Lower Pleistocene of Atapuerca, Spain: possible ancestor to Neandertals and
modern humans. Science 276: 1392-1395.

138 Arsuaga JL, Martinez I, Lorenzo C, Gracia A, Muiioz A, Alonso O, Gallego J. 1999. The
human cranial remains from Gran Dolina Lower Pleistocene site (Sierra de Atapuerca, Spain). J
Hum Evol 37: 431-457.

B9Martinén-Torres M. 2006. Evolucién del aparato dental en hominidos: estudio de los dientes
humanos del Pleistoceno de Sierra de Atapuerca, Burgos. Tesis doctoral. Universidad of Santiago
de Compostela.

140G émez-Robles A, Martinén-Torres M, Bermiidez de Castro JM, Margvelashvili A, Bastir M,
Arsuaga JL, Pérez-Pérez A, Estebaranz F, Martinez LM. 2007. A geometric morphometric analysis
of hominin upper first molar shape J Hum Evol 55: 627-638.

141 Rightmire GP. 1998. Human evolution in the Middle Pleistocene: the role of Homo heidelber-
gensis. Evol Anthropol 6: 218-227.

142Gtringer CB. 2002. Modern human origins: progress and prospects. Philos Trans R Soc B. 357:
563-579.

143Woodward AS. 1921. A new cave man from Rhodesia, South Africa. Nature 108: 371-372.

M4Dyarte C, Mauricio J, Pettitt PB, Souto P, Trinkaus E, Van der Plicht H, Zilho J. 1999. The
early upper Paleolithic human skeleton from the Abrigo do Lagar Velho (Portugal) and modern
human emergence in Iberia. Proc Natl Acad Sci USA 96: 7604-7609.

145Trinkaus E, Zilho J. 2002. Phylogenetic implications of Lagar Velho 1. En: Zilho J, Trinkaus
E (eds), Portrait of the artist as a child: the Gravettian human skeleton from the abrigo do Lagar
Velho and its archaeological context. Instituto Portugus de Arqueologia, Lisbon, Trabalhos de
Arqueologia 22: 497-518.

146 Trinkaus E, Milota S, Rodrigo R, Gherase M, Moldovan O. 2003. Early modern human cranial
remains from the Pestera cu Oase, Romania. J Hum Evol 45: 245-253.

M7Harvati K, Gunz P, Grigorescu D. 2007. Cioclovina (Romania): affinities of an early modern
European. J Hum Evol 53: 732-746.

148 olliday TW. 2003. Species concepts, reticulation, and human evolution. Curr Anthropol 44:
653-673.

149 olliday TW. 2006. Neanderthals and modern humans: an example of mammalian syngameon?
En: Harvati K, Harrison T (eds), Neanderthals revisited: new approaches and perspectives. Springer,
New York.



6 La Sierra de Atapuerca: Historia.

A 14 kilémetros al este de la ciudad de Burgos y a 1079 metros sobre el nivel del

mar, se encuentra la Sierra de Atapuerca.

Al noroeste de la sierra se encuentra la cordillera Cantabrica y al sudeste, la Sierra
de la Demanda. La geomorfologia (forma de la superficie terrestre) de la Sierra de
Atapuerca ha estado condicionada por los rios Arlanzon, Pico y Vena y su posicion
es estratégica (Figura 6.1). En el extremo occidental del corredor de la Bureba, la
Sierra de Atapuerca constituye un paso natural que conecta las cuencas del rio Duero
y Ebro. Todos los factores mencionados anteriormente han ayudado a que se haya
mantenido una gran biodiversidad y a que esta sierra haya sido siempre un punto de

paso v de encuentros!'®:151,

150Cervera J, Arsuaga JL, Bermidez de Castro JM, Carbonell E. 2001. Atapuerca. Un millén de
anos de historia. Plot ediciones. Editorial Complutense, Madrid.

151 Arsuaga JL, Bermtdez de Castro JM, Carbonell E (eds). 2006. Atapuerca patrimonio de la
humanidad. 30 afios de excavaciones y descubrimientos. Junta de Castilla y Le6n, Valladolid.

152Bjschoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia N, Cuenca-
Bescés G. 2007. High resolution U-series dates from the Sima de los Huesos hominids yields 600
yrs: implications for the evolution of the early Neanderthal lineage. J Archaeol Sci 34: 763-770.
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Figura 6.1: Localizacion de la Sierra de Atapuerca (Imagen tomada de Bischoff et al.,
2007%52).

6.0.1. Historia

Los yacimientos de la Sierra de Atapuerca, como pasa con muchos yacimientos
prehistéricos, fueron descubiertos por azar. A finales del siglo XIX, en plena revolu-
cién industrial, una compania inglesa ”The Sierra Company Limited”, decidié crear
un ferrocarril de via estrecha entre las localidades de Monterrubio de la Demanda y
Villafria. El objetivo de la creacién de esta linea era el transporte de carbon y hierro
desde la sierra hasta la linea de ferrocarril Burgos-Bilbao. Desde alli, estos minerales
serian transportados a las siderurgias vascas.

En 1910 la linea de ferrocarril dejé de funcionar, pero sus obras ya habian dejado
al descubierto los yacimientos al trazar una trinchera en la caliza cretacica del suroes-

te de la sierra (Figura 6.2). A partir de esta fecha, hubo estudios intermitentes de sus
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Figura 6.2: Fotografia de la Trinchera del Ferrocarril.

yacimientos. Cabe destacar en estos anos la labor del grupo espeleolégico Edelweiss,
que catalogo y cartografié las cuevas de la region y luchd para la proteccién de los

yacimientos y la declaracién del conjunto como Monumento Histérico - Artistico!®?.

En el ano 1976, el ingeniero de minas Trinidad Torres y varios miembros del
grupo de espeleologia de Edelweiss encontraron los primeros restos humanos fésiles
en la Sierra de Atapuerca. Fue un hecho casual, aunque motivado por la bisqueda
sistematica de fésiles del género Ursus para la tesis doctoral de Don Trinidad Torres.
En 1978, un equipo multidisciplinar encabezado por Emiliano Aguirre (director de
la tesis de Trinidad Torres), inicié las excavaciones sistemédticas de los yacimientos

de la Sierra de Atapuerca . En la actualidad la co-direccién de las excavaciones e

153Cervera J, Arsuaga JL, Bermidez de Castro JM, Carbonell E. 2001. Atapuerca. Un millén de
anos de historia. Plot ediciones. Editorial Complutense, Madrid.

154Cervera J, Arsuaga JL, Bermidez de Castro JM, Carbonell E. 2001. Atapuerca. Un millén de
anos de historia. Plot ediciones. Editorial Complutense, Madrid.
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investigaciones corresponden (p.o.a.) a los doctores Juan Luis Arsuaga, José Maria
Bermudez de Castro y Eudald Carbonell.

6.0.2. Yacimientos

Diversos yacimientos arqueopaleontolégicos han sido descubiertos en la Sierra de
Atapuerca (Figura 6.3). Estos yacimientos pueden dividirse en dos grupos: los yaci-
mientos relacionados con el karst (paisaje de relieve accidentado, con grietas y crestas
agudas, originado por la erosiéon quimica en terrenos calcareos) y los yacimientos al
aire libre. Nos centraremos en los yacimientos relacionados con el karst, que estan

localizados en la Trinchera del Ferrocarril y Cueva Mayor.
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Figura 6.3: Plano del sistema de cuevas de la Sierra de Atapuerca, realizado por el grupo
Edelweis, (Imagen tomada de Garcia et al., 2009).



7 Yacimiento de la Sima del
Elefante.

Figura 7.1: Fotografia del yacimiento de la Sima del Elefante.

El yacimiento de la Sima del Elefante (Figura 7.1) es una cueva de 18 metros de

44
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altura y 15 de anchura'®® formada por una secuencia de 16 unidades litoestratografi-
cas o cuerpos rocosos definidos y reconocidos en base a sus caracteristicas litoldgicas
o a la combinacién de sus propiedades litologicas y sus relaciones estratigraficas
(Figura 7.2).

En la campana de excavaciones del 2007 se recuperé un fragmento de mandibula
humana en el nivel ATE9 (Figura 7.3) que representa el resto humano més antiguo
encontrado en Europa hasta el momento, con una datacién de Pleistoceno inferior,
realizada mediante la técnica de ntclidos cosmogénicos, de entre 1,1-1,2 millones de
afios. Aunque este fésil fue asignado de manera provisional a H. antecessor *7, un
estudio posterior ha considerado méas prudente su indeterminacién taxonoémica y de
momento nos referiremos a este fésil como de Homo sp.'®®. En el mismo nivel se
hallaron herramientas de piedra de modo 1 u olduvaiense, este tipo de herramientas
son muy sencillas, sin configuracion precisa, carentes de predeterminacion y estanda-
rizacién en su forma, fabricadas segin las necesidades y abandonadas después de su
uso. Su denominacién se debe al yacimiento de Olduvai, en Tanzania, donde fueron
descritas por primera vez %%, En el yacimiento también se hallaron restos faunisticos

consumidos por humanos'®. En las siguientes campafias de excavacién se recupe-

155Rosas A, Pérez-Gonzélez A, Carbonell E, Van der Made J, Sanchez A, Laplana C, Cuenca-
Bescés G, Parés JM, Huguet R. 2001. Le gisement pléistocne de la Sima del Elefante (Sierra de
Atapuerca, Espagne). LAnthropologie 105: 301-312.

156 Carbonell E, Bermidez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

157Carbonell E, Bermtdez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

158Bermiidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

159 eakey MD. 1971. Olduvai Gorge: Excavations in beds I & IT1 1960 1963. Cambridge University
Press, Cambridge.

160Carbonell E, Bermidez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
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Figura 7.2: Localizacion geogrdfica y contexto geoldgico del yacimiento de la Sima del Ele-
fante. A) Localizacion geogrdfica de los yacimientos de la Sierra de Atapuerca. B) Resumen
de la litoestratigrafia y cronologia del yacimiento de la Sima del Elefante. La columna de la
izquierda muestra las diferentes unidades estratigrdficas visibles en la seccion centro- norte,
etiquetada como TE. Simbolos: 1. Caliza mesozoica. 2. Espeleotema. 3. Arcilla. 4. Guano
de murciélago. 5. Arcillas y limos arenosos laminados. 6. Margas. 7. Rocas. 8. Laminacion
cruzada. 9. Discontinuidad estratigrdfica principal. VPG lat: latitud del polo geomagnético
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(Imagen tomada de Carbonell et al., 2008 ).

The first hominin of Europe. Nature 452: 465-469.
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raron dos nuevos restos humanos en este nivel, una falange de mano y un pequeino

fragmento de himero, tal vez del mismo individuo.

Figura 7.3: Vista anterior de la mandibular ATE9-1 (arriba) y vista anterior de la re-
construccion virtual basada en las imagenes tomogrdficas de la mandibula ATE9-1 con los
dientes in situ (abajo). El hueso mandibular se ha renderizado con textura semitransparente
para mostrar la posicion de los dientes (en azul).

Mandibula ATE9-1

El fragmento mandibular ATE9-1 (Figura 7.3), que representa el resto fésil hu-
mano mas antiguo encontrado en Europa occidental, consiste en la regién de la sinfisis
y parte del cuerpo de la mandibula desde la porciéon mesial del alveolo correspon-
diente al primer molar inferior derecho hasta la parte distal del alveolo del primer
molar inferior izquierdo. Las dos ramas y los angulos mandibulares estan ausentes,

presentando una superficie de fractura irregular en ambos lados post-mortem®6.

161\ artinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
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El anélisis paleopatologico de la mandibula revelé un elevado grado de desgaste
por atricciéon asociado con una hipercementosis generalizada, exposicién radicular
generalizada y enfermedad periodontal moderada. También se observé la presencia
de célculo, dos lesiones liticas a nivel de los caninos inferiores y presencia de erupcion
compensatoria. La mayor parte de las lesiones observadas en la mandibula ATE9-1
estan relacionadas con la presencia de una oclusion traumatica. También se observa
en la cara distal del segundo premolar inferior izquierdo, a nivel de la unién amelo-
cementaria, una faceta de desgaste anormal compatible con la marca dejada por la
utilizaciéon de un palillo dental o un instrumento similar!62.

El fragmento mandibular ATE9-1 no es suficiente como para realizar una asig-
nacién taxonomica, se debe esperar la apariciéon de nuevas evidencias fosiles en el
yacimiento de la Sima del Elefante o en otros yacimientos contemporaneos para res-
ponder a esta pregunta. ATE9-1 muestra caracteristicas que sugieren una desviacion
de la variabilidad observada en el yacimiento de Dmanisi (Georgia) y las mandibulas
del Pleistoceno Africano. Este hecho sugiere la aparicién temprana de una identidad

europea en las poblaciones de hominidos que se establecieron en nuestro continente!%

human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.

162Martinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermuidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.

163Bermiidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.



8 Yacimiento de la Gran Dolina:
Nivel TDG6.

El yacimiento de la Gran Dolina consta de un relleno sedimentario de 18 metros
de espesor y ha sido dividido en 11 niveles (TD1-TD11)!%4. TD1 y TD2 son los
niveles mds antiguos (situados en la base de la secuencia), formados por sedimentos
que provienen del interior de la cueva. Los niveles superiores (TD3-TD11) fueron

formados mayoritariamente por depdsitos externos'®.

En 1993, con la intencion de valorar la potencialidad del yacimiento, se realizé un
sondeo arqueoldgico de 6m?. Los resultados de este sondeo mostraron la existencia en
el llamado Estrato Aurora del nivel TD6 de abundantes restos de hominidos fésiles y
herramientas asociadas'®®. En 1997 estos restos fueron asignados a la especie Homo
antecessor'®”. Las excavaciones de anos sucesivos en la proximidad del sondeo de los
anos 1990 han demostrado que el Estrato Aurora puede subdividirse en varias capas
sedimentarias, depositadas en momentos distintos. Es por ello que en la actualidad se

habla del conjunto arqueoestratigrafico Auroral®®. Los fésiles humanos se acumularon

164Gil E, Aguirre E, Hoyos M. 1987. Contexto estratigrafico. En: Aguirre E, Carbonell E,
Bermiudez de Castro JM (eds). El hombre {6sil de Ibeas y el Pleistoceno de la Sierra de Atapuerca.
Junta de Castilla y Ledén. Consejeria de Cultura y Bienestar Social, Valladolid.

165parés JM, Pérez-Gonzalez A. 1999. Magnetochronology and stratigraphy at Gran Dolina sec-
tion, Atapuerca (Burgos, Spain). J Hum Evol 37: 325-342.

166 Carbonell E, Bermudez de Castro JM, Arsuaga JL, Diez JC, Rosas A, Cuenca-Bescés G, Sala
R, Mosquera M, Rodriguez XP. 1995. Lower Pleistocene hominids and artifacts from Atapuerca
TDG6 (Spain). Science 269: 826-830.

16"Bermiidez de Castro JM, Arsuaga JL, Carbonell E, Rosas A, Martinez I, Mosquera M. 1997.
A hominid from the Lower Pleistocene of Atapuerca, Spain: possible ancestor to Neandertals and
modern humans. Science 276: 1392-1395.

168Bermtidez de Castro JM, Pérez-Gonzéalez A, Martinén-Torres M, Gémez-Robles A, Rossel
J, Prado L, Sarmiento S, Carbonell E. 2008. A new early Pleistocene hominin mandible from

49
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en momentos diferentes, muy probablemente en dos de las capas (Pep y Jordi) de

este conjunto.

La antigiiedad del nivel TD6 ha sido estudiada mediante varios métodos de da-
tacion. En primer lugar se utilizé el paleomagnetismo, que no proporciona datos
cuantitativos, sino que infiere en los sedimentos los cambios sufridos en el campo
magnético de la Tierra en el pasado. Esos cambios de polaridad quedan registrados
en los minerales, como el hierro, susceptibles de magnetizarse durante su deposicién
y orientarse de acuerdo con el campo magnético del planeta en ese momento. El
ultimo cambio de polaridad en el campo magnético de la tierra de larga duracién ha
sido datado en 780.000 anos. Este cambio se denomina Brunhes-Matuyamma y se
ha localizado en varios muestreos en sedimentos del nivel TD7. Por lo tanto, el nivel
TD6 tendria una edad inferior a 780.000 anos'®*17°(Figura 8.1).

Los métodos radiométricos utilizan los ritmos regulares de desintegracion de los
elementos radiactivos inestables, que son como relojes virtuales en el interior de las
rocas. Estos métodos son cuantitativos y proporcionan cifras, con su correspondiente
estimacién de error. El método de la series de is6topos del uranio (US) y la resonancia
del spin electrénico (ESR) dieron una edad de entre 780-857.000 afios!™ para los
fésiles humanos del conjunto arqueoestratigrafico Aurora. Berger et al.(2008)! han
usado en TD6 los métodos de luminiscencia y termoluminiscencia, estos métodos
permiten obtener la edad de un objeto a través del cociente existente entre la dosis de
radiacién acumulada por el objeto y la dosis de radiacion anual, asi como la capacidad
que tienen algunos minerales como el cuarzo y los feldespatos para emitir luz cuando
son calentados. Berger et al. (2008) han obtenido un dato maximo de 960.000 anos,

y un edad mas probable de entre 900.000 y 950.000 anos, que corresponde, bien

Atapuerca-TDG6, Spain. J Hum Evol 55: 729-735.

169Parés JM, Pérez-Gonzalez A. 1995. Paleomagnetic age for hominid fossils at Atapuerca Ar-
chaeological site, Spain. Science 269: 830-832.

170Parés JM, Pérez-Gonzélez A. 1999. Magnetochronology and stratigraphy at Gran Dolina sec-
tion, Atapuerca (Burgos, Spain). J Hum Evol 37: 325-342.

1" Falgures C, Bahain J, Yokoyama Y, Arsuaga JL, Bermtidez de Castro JM, Carbonell E, Bischoff
JL, Dolo JM. 1999. Earliest humans in Europe: the age of TD6 Gran Dolina, Atapuerca, Spain. J
Hum Evol 37: 343-352.

172Berger GW, Pérez-Gonzélez A, Carbonell E, Arsuaga JL, Bermidez de Castro JM, Ku TL.
2008. Luminiscence chronology of cave sediments at the Atapuerca paleoanthropological site, Spain.
J Hum Evol 55: 300-311.
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Figura 8.1: Secuencia superior de la unidad estratigrdfica TD6 superior del yacimiento de
la Gran Dolina. Esta secuencia corresponde al drea media de la seccion de la Gran Dolina
(Imagen tomada de Bermidez de Castro et al., 2008 .)

al estadio isotdpico 23, bien al estadio 25, de condiciones célidas y himedas'™. En
efecto, el registro paleoambiental sugiere que la parte superior del TD6 fue depositada
en condiciones himedas y templadas'™.

Estas dataciones sitian al H. antecessor (Figura8.2) junto con el Homo sp. de la
Sima del Elefante en el Pleistoceno inferior de Europa.

Hasta el momento, los restos humanos encontrados en el estrato Aurora han sido

173Berger GW, Pérez-Gonzélez A, Carbonell E, Arsuaga JL, Bermudez de Castro JM, Ku TL.
2008. Luminiscence chronology of cave sediments at the Atapuerca paleoanthropological site, Spain.
J Hum Evol 55: 300-311.

1™ Bermtidez de Castro JM, Carbonell E, Arsuaga JL [eds]. 1999. Gran Dolina site: TD6 Aurora
Stratum (Burgos, Spain). J Hum Evol 37.

1" Bermidez de Castro JM, Pérez-Gonzélez A, Martinén-Torres M, Gémez-Robles A, Rossel
J, Prado L, Sarmiento S, Carbonell E. 2008. A new early Pleistocene hominin mandible from
Atapuerca-TD6, Spain. J Hum Evol 55: 729-735.
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Figura 8.2: Fotografia de la composicion del frontal ATD6-15 y el maxilar ATD6-69,
pertenecientes al chico de la Gran Dolina.

175,176

asignados a once individuos diferentes , correspondientes a ocho sub-adultos y

tres adultos jovenes. El nimero minimo de individuos ha ido aumentando en ca-

177,178

da campana, a medida que se encuentran nuevos fosiles . Los restos humanos

1"5Bermidez de Castro JM, Carbonell E, Gémez A, Mateos A, Martinén-Torres M, Muela A,
Rodriguez J, Sarmiento S, Varela S. 2006. Paleodemografia del hipodigma de fésiles de hominidos
del nivel TD6 de Gran Dolina (Sierra de Atapuerca, Burgos): estudio preliminar. Estud Geol 62:
145-154.

176 Bermidez de Castro JM, Pérez-Gonzélez A, Martinén-Torres M, Gémez-Robles A, Rossel
J, Prado L, Sarmiento S, Carbonell E. 2008. A new early Pleistocene hominin mandible from
Atapuerca-TD6, Spain. J Hum Evol 55: 729-735.

177Carbonell E, Bermtdez de Castro JM, Arsuaga JL, Allué E, Bastir M, Benito A, Céceres
I, Canals T, Diez JC, Van der Made J, Mosquera M, Ollé A, Pérez-Gonzalez A, Rodriguez J,
Rodriguez XP, Rosas A, Rosell J, Sala J, Vallverdu J, Vergés JM. 2005. An early Pleistocene
hominin mandible from Atapuerca-TD6, Spain. Proc Natl Acad Sci USA 102: 5674-5678.

1"8Bermiidez de Castro JM, Pérez-Gonzalez A, Martinén-Torres M, Gémez-Robles A, Rossel
J, Prado L, Sarmiento S, Carbonell E. 2008. A new early Pleistocene hominin mandible from
Atapuerca-TD6, Spain. J Hum Evol 55: 729-735.
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encontrados, presentan marcas de corte y una fragmentaciéon que demuestran que
fueron procesados por otros humanos para comer su carne y médula en un acto de
canibalismo. La aparicién de estos restos humanos, mezclados con los restos animales
y las herramientas liticas, sugiere un canibalismo gastronémico en el que se excluye el
consumo de carne humana por necesidad!™!8(Figura 8.3). Un estudio m4s reciente
de la coleccion de restos humanos de TD6 sugiere una cultura de canibalismo aso-

ciada a la territorialidad biolégica de la especies de hominidos'®! . Junto a los restos

humanos, se han encontrado en el nivel TD6, herramientas liticas correspondientes
82

al modo 1 u olduvaiense !

Figura 8.3: Reconstruccion de un grupo de adultos de Homo antecessor comiendo los
restos de otro miembro de su propia especie (Illustracion de Mauricio Anton).

1" Ferndndez-Jalvo Y, Diez JC, Bermtdez de Castro JM, Carbonell E, Arsuaga JL. 1996. Evi-
dence of early cannibalism. Science 271: 277-278.

180Fernandez-Jalvo Y, Diez JC, Céceres I, Rosell J. 1999. Human cannibalism in the early Pleis-
tocene of Europe (Gran Dolina, Sierra de Atapuerca, Burgos, Spain). J Hum Evol 37: 591-622.

181Carbonell E, Céceres I, Lozano M, Saladié P, Rosell J, Lorenzo C, Vallverdd J, Huguet R,
Canals T, Bermudez de Castro JM. 2010. Cultural cannibalism as a paleoeconomic system in the
European Lower Pleistocene. Curr Anthropol 51: 539-549.

182Carbonell E, Garcia-Antén MD, Mallol C, Mosquera M, Ollé A, Rodriguez XP, Sahnouni
M, Sala R, Vergs JM. 1999. The TD6 level lithic industry from Gran Dolina, Atapuerca (Burgos,
Spain): production and use. J Hum Evol 37: 653-693.



9 Yacimiento de la Sima de los

Huesos

Figura 9.1: Fotografia de la bajada a la Sima de los huesos (Fotografia realizada por Javier
Trueba).

El yacimiento de la Sima de los Huesos (Figura 9.1) estd situado dentro del
complejo karstico Cueva Mayor - Cueva del Silo. El yacimiento es un pozo vertical
de 13 metros que contintia con una rampa de unos 9 metros de longitud (rampa de la

Sima de los Huesos) que termina en una sala ciega de 15 metros cuadrados (Camara

94
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de la Sima de los Huesos) y es la parte més rica del yacimiento!®?(Figura 9.2).

Los restos de humanos y de osos (Ursus deningeri ) de la Sima de los Huesos
estan situados en brechas que rellenan una superficie irregular cortada en las margas
(rocas sedimentarias compuestas principalmente de caliza y arcilla) y arenas basales.
Hay evidencias (falta de estratificacién y abundancia de depdsitos minerales depo-
sitados en la cueva tras su formacién, denominados espeleotemas) que sugieren que
la acumulacion se produjo en una laguna subterranea. Posteriormente se produjo un
colapso y la formacion de una brecha fosilifera causados por la disolucién de la roca
madre subyacente. Los fosiles estan encapsulados por coladas y lodos que contienen

guano. Los restos humanos sufrieron una importante rotaciéon post-deposicional®4.

Diversos métodos de datacién relativa y absoluta han sido utilizados para deter-
minar la cronologia del yacimiento de la Sima de los Huesos. Las nuevas técnicas
de datacién y un mejor conocimiento de la estratigrafia de la Sima han hecho que
la cronologia estimada de este yacimiento pasara de una edad minima de 320.000

85 a una edad minima de 530.000 anos'®S.

afios!
Las ultimas dataciones, realizadas en un espeleotema situado sobre los restos
fésiles de humanos y osos (SRA-3), mediante series de uranio de alta resolucién,

8 con una estimacién minima

han proporcionado valores entre 563- 668.000 afios'
de la edad del espeleotema de 530.000 anos, correspondiente al Pleistoceno medio

europeo. Este dato es compatible con los datos obtenidos del estudio de los micro y

183 Arsuaga JL, Martinez I, Gracia A, Carretero JM, Lorenzo C, Garcia N, Ortega AL 1997a.
Sima de los Huesos (Sierra de Atapuerca, Spain). The site. J Hum Evol 33: 109-127.

184Bischoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia N, Cuenca-
Bescos G. 2007. High resolution U-series dates from the Sima de los Huesos hominids yields 600
yrs: implications for the evolution of the early Neanderthal lineage. J Archaeol Sci 34: 763-770.

185Bischoff JL, Fitzpatrick JA, Leén L, Arsuaga JL, Falgueres C, Bahain JJ, Bullen T. 1997.
Geology and preliminary dating of the hominid-bearing sedimentary fill of the Sima de los Huesos
Chamber, Cueva Mayor of the Sierra de Atapuerca, Burgos, Spain. J Hum Evol 33: 129-154.

186Bischoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia N, Cuenca-
Bescés G. 2007. High resolution U-series dates from the Sima de los Huesos hominids yields 600
yrs: implications for the evolution of the early Neanderthal lineage. J Archaeol Sci 34: 763-770.

187Bischoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia N, Cuenca-
Bescos G. 2007. High resolution U-series dates from the Sima de los Huesos hominids yields 600
yrs: implications for the evolution of the early Neanderthal lineage. J Archaeol Sci 34: 763-770.

188Bigchoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia N, Cuenca-
Bescos G. 2007. High resolution U-series dates from the Sima de los Huesos hominids yields 600
yrs: implications for the evolution of the early Neanderthal lineage. J Archaeol Sci 34: 763-770.
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Figura 9.2: Seccion interpretativa del yacimiento de la Sima de los Huesos. El espeleotema
(unidad 3) y la posicion de los huesos descubiertos recientemente estd en el SRA mostrado
en la columna estratigrdfica insertada (Figura tomada de Bischoff et al., 2007%7.)
macromamiferos!89,190,191,192

En este yacimiento se han hallado restos humanos pertenecientes a casi todas las
partes del esqueleto (incluyendo huesos del oido) de un minimo de 28 individuos'??

asignados a la especie H. heidelbergensis (Figura 9.3). La presencia de cuerpos enteros

189 Cuenca-Bescés G, Laplana-Conesa C, Canudo JI, Arsuaga JL. 1997. Small mammals from
Sima de los Huesos. J Hum Evol 33: 175-190.

199Garcia N, Arsuaga JL, Torres T. 1997. The carnivore remains from the Sima de los Huesos
Middle Pleistocene site (Sierra de Atapuerca, Spain). J Hum Evol 33: 155-174.

91Garcia N, Arsuaga JL. 2001. Les carnivores (Mammalia) des sites du Pleistocene ursid from
Trinchera Dolina, Atapuerca (Espagne). LAnthropologie 105: 83-93.

192Garcfa N. 2002. Los carnivoros de los yacimientos de la Sierra de Atapuerca. Universidad
Complutense de Madrid.

193Bermudez de Castro JM, Martinén-Torres M, Rosas A, van der Made J, Carbonell E, Sarmiento
S, Lozano M. 2004. The Atapuerca Sites and Their Contribution to the Knowledge of Human
Evolution in Europe. Evol Anthropol 13: 25-41.
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Figura 9.3: Fotografia del craneo V (Sima de los Huesos) junto a la reconstruccion facial.
Imagen tomada en el museo de la Fvolucion Humana de Burgos.

ligada a la distribucion de edades puede relacionar la causa de la muerte de los

individuos de este yacimiento con un evento catastréfico®4.

194Bocquet-Appel JP, Arsuaga JL. 1999. Age distributions of hominid samples at Atapuerca (SH)
and Krapina could indicate accumulation by catastrophe. J Archaeol Sci 26: 327-338.



10 Introduccion a la tomografia y

microtomografia computarizadas.

La microtomografia computarizada (también denominada microtomografia, mi-
croCT, uCT o tomografia de alta resolucién) es una técnica relativamente nueva
creada para la visualizacion y biometria no invasiva de objetos pequenos, incluyendo
sus estructuras internas. Los principios fisicos de los sistemas de microtomografia
son similares a los de la tomografia computarizada médica.

Los aparatos de microtomografia computarizada son de un tamano menor que los
de tomografia convencional (Figura 10.1). Una diferencia importante es que la micro-
tomografia computarizada utiliza una escala de micras en lugar de milimetros. Esto
dara unas secciones resultantes mas finas. El tiempo de escaneo en microtomografia
es mayor al requerido por la tomografia computarizada.

La tomografia y microtomografia computarizadas se emplean para obtener image-
nes de las secciones transversales de un objeto mediante rayos X!9:19¢(Figura 10.2).
Un haz de rayos X tangencial escanea una secciéon del objeto. Cuando el haz de
rayos X atraviesa este objeto, la absorcién y atenuacién del haz, dependientes de la
densidad del objeto, serdan absorbidas por un detector (Figura 10.2) y convertidas
en una senal electronica. Si esto se repite desde diferentes dngulos, mediante el giro
del objeto (lo que ocurre en la microtomografia computarizada in vitro) o el giro
del emisor y el detector (microtomografia in vivo y tomografia computarizada médi-

ca), la distribucién espacial de los valores de atenuacién en la seccién serd analizada

19 Hounsfield, G.N. 1973 Computerized Trans-verse Axial Scanning (Tomography) Part 1: Des-
cription of System Br. J. Radiol 46: 1016-1022.

196Morneburg T. 1995. Zum Behandlungserfolg bei Prothesenunvertriglichkeit. Dtsch Zahnérztl
7 50: 742-745.
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Figura 10.1: Fotografia del sistema de microtomografia pCT80 (Scanco Medical, Switze-
land), situado en el CENIEH y utilizado para gran parte de este estudio.

mediante un ordenador (computarizada) y reconstruida en una imagen en escala de
grises bidimensional'9"198:199(Figura 10.2).

En contraste con una radiografia convencional, las estructuras en una imagen to-
mografica o microtomografica no presentan superposicion y hay una mayor resolucién
en los contrastes.

La imagen tomogréfica consiste en un grupo de elementos denominados pixels
(Figura 10.3). Cada pixel tiene asignado un coeficiente de atenuacién (un valor del
grado en el que el haz ha sido atenuado por la densidad del objeto). Cada pixel
corresponderd a un cubo, o elemento de volumen, denominado voxel (Figura 10.4).
Si se une una serie de secciones contiguas equidistantes, se puede construir un mapa

tridimensional que muestra las variaciones de densidad en el objeto.

Y7Lange JF, Teng HT, Menu M, vd Ham AC. 1988. The role of computed tomography in the
management of acute pancreatitis. Acta Chir Scand 154: 461-5.

198Morneburg T. 1995. Zum Behandlungserfolg bei Prothesenunvertriglichkeit. Dtsch Zahnérztl
Z 50: 742-745.

1998poor F, Jeffery N, Zonneveld F. 2000. Using diagnostic radiology in human evolutionary
studies. J Anat 197: 61-76.
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Figura 10.2: Reconstruccion esquemdtica del mecanismo de accion de un sistema de to-
mografia. Los haces de rayos X salen del emisor, atravesando el objeto para incidir en el
detector.

Figura 10.3: Secciones transversales craneales obtenidas mediante tomografia computari-
zada.
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Figura 10.4: Representacion grdfica de un conjunto de pizels (imagen izquierda) y un
vozel (imagen derecha,).

Para la estandarizacién de las comparaciones entre distintas técnicas de tomo-
grafia, se introdujo la llamada escala Hounsfield que se compone de 212 = 4096
unidades Hounsfield (HU). Esta escala se calibra a través del coeficiente de atenua-
ci6én del agua (0 HU), el aire (-1000 HU) y el hueso compacto (1000 HU). Los tejidos
con una densidad muy alta, como el esmalte dental, pueden alcanzar el valor maximo
(3095 HU). Sin embargo, el ojo humano no es capaz de distinguir los 4096 (12 bit)
grises diferentes de la escala. En un ordenador, por lo tanto, la escala se convierte en
un modo de 8 bits con un maximo de 256 niveles de grises. Esto se conoce como la
técnica de ventana (window technique). Para los tejidos que tienen un amplio rango
de densidades como son los huesos y los dientes, se escoge una amplia ventana para
mostrar el objeto con un gran ntimero de tonalidades de gris.

Las imagenes tomograficas representan esencialmente lugares de atenuacién de
las secciones. Se puede sacar bastante informacién de la inspeccién directa de estas
imagenes. Para estudiar diferentes detalles, realizar mediciones o visualizar imdgenes
en tres dimensiones, es necesario distinguir las diferentes estructuras virtualmente y
esto se conseguira mediante la segmentacién manual o automatica de las imégenes
(separacién de las dreas de interés de la imagen del resto de la escena). Cada pixel
(cada elemento de la imagen) representa la densidad del objeto en esa localizacion
exacta. Es posible definir las distintas regiones de un objeto determinando todos los
datos de un rango caracteristico de densidades. El thresholding (creaciéon de um-
brales) permite extraer y delimitar estructuras con densidades homogéneas. Cuando
existe un contraste demasiado bajo, las técnicas de thresholding pueden resultar in-
suficientes para aislar estructuras relevantes. Si esto ocurre, el ojo humano de un
operador con conocimientos de anatomia puede distinguir casi cualquier estructura.

Después de la segmentacién podra realizarse la reconstruccién volumétrica (volume



62 Revision Doctrinal

rendering, renderizacién) para la visualizacion tridimensional de las imédgenes.
Existen diversos tipos de archivos en los que se pueden convertir las imagenes
tomograficas o microtomogréficas. Los formatos mas comunmente utilizados son
TIF (formato de fichero de imégenes etiquetado - tagged images format) y DICOM
(imagenes y comunicaciones digitales en medicina - digital and imaging communica-
tions in medicine). Los archivos TIF tienen una correspondencia de uno a uno entre
las secciones microtomograficas o tomogréficas y las imégenes (cada archivo TIF es
una seccién transversal). Los archivos DICOM tienen la ventaja de contener todas
las secciones en tnico fichero (aunque también serfa posible estructurar los archivos
TIF de esta forma). A pesar de la gran ventaja de los archivos DICOM, ya que
solo se transfiere un archivo entre sistemas, en este trabajo se han utilizado archi-
vos TIF debido a que este tipo de archivos son los tinicos compatibles con la mayor
parte de los programas de andlisis de imagenes utilizados con imagenes tomograficas
y microtomograficas. Esto reduce el nimero de conversién de imagenes en nuestro

analisis.
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11 Validacion del Método

El experimento de validaciéon de los métodos utilizados en la tesis doctoral se

realizé con dos objetivos fundamentales:

1. Comprobar que las medidas tomadas en las secciones de microtomografia compu-
tarizada y las medidas tomadas en cortes virtuales se corresponden con las

medidas reales.

2. Evaluar dos programas de andlisis de imdgenes (MIMICS 13.1 y el software del
pCT80) para elegir el méds adecuado para el andlisis y medida de la cavidad

pulpar.

La muestra del experimento de validacion se compuso de diez terceros molares
permanentes inferiores. Se seleccionaron molares sin erupcionar, extraidos por moti-
vos quirdrgicos, con un perfecto estado de preservacién y ausencia de patologia. Se
seleccionaron molares que presentaban en sus coronas dos fosas, mesial y distal, y
dos raices con apices bien diferenciados. Los molares de la muestra utilizada fueron
obtenidos de la coleccion de referencia del Centro nacional de Investigaciéon sobre
Evolucién Humana (CENIEH) de Burgos. La coleccién de referencia del CENIEH
estd formada por mas de cuatrocientos dientes extraidos recientemente en clinicas
dentales, con sexo y edad conocidos. Tras su extraccion, los dientes fueron introduci-
dos en suero fisiolégico para su correcta conservacion, posteriormente la muestra fue
esterilizada mediante radiacién ionizante y posteriormente los dientes se conservaron
en recipientes con timol.

En primer lugar, los diez molares completos fueron microtomografiados mediante
el uCT80 (Scanco Medical, Switzerland). Los dientes fueron introducidos uno por

uno en un tubo de escaneo de 36,90 mm de didmetro y microtomografiados bajo los

65
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mismos parametros: voltaje = 70 kV, amperaje = 140 mA, incremento angular =
0,72° y tamano resultante de los voxels = 36 x 36 x 36 um. Se realizaron cortes vir-
tuales sagitales, siguiendo un plano anteroposterior con cuatro puntos de referencia:
las fosas mesial y distal en la corona y los dos dpices, mesial y distal, en la raiz. Para
la realizacion de estos cortes se utilizé el programa de andlisis de imagenes Voxblast
(Vaytek, Inc).

Una vez realizadas todas las microtomografias de los molares completos, éstos
fueron preparados para la realizacién de cortes histolégicos (Figura 11.1). Este pro-
cedimiento fue realizado en el laboratorio II del Departamento de Estomatologia
(Facultad de Odontologia) de la Universidad de Granada. Para la realizacién de los
cortes histologicos se tomaron los mismos puntos de referencia usados en las seccio-
nes virtuales. Los molares fueron seccionados con un corte en la linea media sagital
tomando cuatro puntos de referencia las fosas mesial y distal en la corona y los api-
ces radiculares. Para la realizacion de los cortes se utilizé el microtomo Accutom 50
(Stuers) con un disco de diamante de 0,3 mm. Las secciones fueron fotografiadas y
analizadas con el sistema de captacion de imagen digital Color View del microsco-
pio estereoscépico Olympus SZX7. Las areas de las cavidades pulpares de los cortes

histolégicos fueron medidas mediante el software de analisis de imédgenes Cell.

Se realizaron microtomografias de los molares seccionados utilizando los mismos
parametros para todas las secciones: voltaje = 70 kV, amperaje = 140 mA, incremen-
to angular = 0,72° y tamano resultante de los voxels = 36 x 36 x 36 um. Las imégenes
resultantes de las microtomografias, fueron tratadas con el software de analisis de
imégenes ImageJ (NIH) con el fin de eliminar espacio en el fondo y reducir el tamanio
de los archivos. Las imédgenes fueron filtradas utilizando un filtro mediano tridimen-
sional, seguido de un filtro MLV (mean of least variance). Este proceso fue realizado
para facilitar la posterior segmentaciéon de tejidos (proceso de dividir una imagen
digital en varias partes (grupos de pixeles) u objetos). Las édreas de las cavidades
pulpares de los cortes virtuales fueron medidas mediante el software de analisis de

imagenes ImageJ (NIH).

Los volimenes de las cavidades pulpares fueron medidos mediante los dos progra-
mas de analisis, el software de analisis de imagenes del pCT80 (Scanco-Switzerland),

que realiza las medidas de forma automatica y el software de analisis de imédgenes
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Figura 11.1: Corte histologico de uno de los molares de la muestra.

MIMICS 13.1, que realiza las medidas de forma semi-automatica.

Las medidas de las dareas tomadas de las microtomografias de los dientes comple-
tos, de las microtomografias de las secciones fisicas y de las fotografias de los cortes
histolégicos fueron comparadas estadisticamente mediante el test de la t de Student
para muestras pareadas. En el caso de las imagenes obtenidas a partir de los cor-
tes virtuales, solo se obtuvo una secciéon de cada molar y, al no existir una pérdida
de material (como ocurre en los cortes histoldgicos realizados con el microtomo),
aunque se habian tomado los mismos puntos de referencia usados en las secciones
fisicas, el corte final no se correspondia exactamente con la seccion histologica. Por
este motivo se selecciond para la comparacién el corte histolégico morfolégicamente
similar al virtual (Figura 11.2). No se observaron diferencias significativas entre las

medidas de las dreas tomadas con los diferentes métodos.

La segmentacion realizada automaticamente por el programa de andlisis de imége-

nes del pCT80 no siempre resulto efectiva para separar los tejidos duros de los molares
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Figura 11.2: La imagen de la izquierda muestra un corte histologico de un molar inferior
microtomografiado. La imagen de la derecha muestra una seccion virtual del mismo molar
realizada mediante el software de andlisis de imdgenes Voxblast (Vayteck, Inc) utilizando
los mismos puntos de referencia usados para los cortes histoldgicos.

de la cavidad pulpar. En los dientes que presentaban microfisuras, la segmentacion
automatica del software no distinguia la densidad de éstas del vacio de las cavidades
pulpares (Figura 11.3). En las ocasiones en las que las microfisuras unian la cavidad
pulpar con el vacio exterior, estos dos espacios se interconectaban haciendo imposible
su analisis. De los diez molares inferiores, solo seis pudieron ser medidos con ambos
software, los volimenes de cuatro molares no pudieron ser medidos con el software

del pCT80 por este motivo.

Los volimenes que pudieron ser medidos en ambos software de andlisis de image-
nes (MIMICS 13.1 y uCT&80), fueron comparados estadisticamente mediante el test
de la t de Student para muestras pareadas. No se encontraron diferencias significa-

tivas entre los valores de los voliimenes medidos por ambos software.



Materiales y Métodos 69

MIMICS Software Scanco

Figura 11.3: Reconstruccion volumétrica de los tejidos duros y la cavidad pulpar de dos
terceros molares inferiores. La reconstruccion de la izquierda fue realizada de forma semi-
automdtica mediante el software de andlisis de imdgenes MIMICS 13.1. (Materialise, Bel-
gium). La reconstruccion de la derecha se realizé de forma automdtica mediante el software
de andlisis de imdgenes del nCT80 (Scanco, Switzerland). Se puede apreciar claramente
la diferencia de calidad de las reconstrucciones. El programa del nCT80 no es capaz de
distinguir el vacio de las fisuras y la cavidad pulpar, incluyéndolo todo en las medidas.

11.1. Conclusiones

1. Las medidas tomadas de las imagenes de microtomografia computarizada mos-

traron una sélida correspondencia con las medidas reales.

2. La reconstruccion semi-automatica de las imagenes microtomograficas realiza-
da mediante el software de analisis de imagenes MIMICS 13.1 demostré una
gran exactitud, acercandose mucho mas las las imagenes reales de las cavidades
pulpares. Sin embargo, la reconstruccion automaética realizada por el softwa-
re de andlisis de imégenes del pCT80 demostrd no ser vélida para la precisa

diferenciacion de las cavidades pulpares necesaria para este estudio.



12 Raices y conductos radiculares
en segundos premolares

permanentes mandibulares.

12.1. Materiales

Se utilizaron los segundos premolares inferiores de cuatro especies de hominidos
fosiles y dos poblaciones de humanos modernos para este estudio. La muestra fésil
incluye el segundo premolar inferior de la mandibula ATE9-1 de la Sima del Ele-

200 recientemente clasificada como Homo sp. 2°'. Los especimenes ATD6-4 v

fante
ATDG6-125, atribuidos a H. antecessor , pertenecientes al nivel TD6 del yacimiento
de la Gran Dolina?*? también fueron incluidos en la muestra. Estos dos grupos de
hominidos son los unicos restos fésiles encontrados hasta la fecha representantes de

las poblaciones de hominidos del Pleistoceno inferior de Europa (periodo compren-

200Carbonell E, Bermtdez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

201Bermudez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

202Bermudez de Castro JM, Pérez-Gonzélez A, Martinén-Torres M, Gémez-Robles A, Rossel
J, Prado L, Sarmiento S, Carbonell E. 2008. A new early Pleistocene hominin mandible from
Atapuerca-TD6, Spain. J Hum Evol 55: 729-735.

70



Materiales y Métodos 71

dido entre 2,5 millones de afios - 750.000 afios)?03:204,205,

En el estudio también se incluyeron catorce premolares pertenecientes a una terce-
ra especie, H. heidelbergensis , del yacimiento de la Sima de los Huesos?6:207,208,209,210
que representa la coleccién de hominidos fésiles del Pleistoceno medio (periodo com-
prendido entre 750.000-128.000 anos) mas numerosa descubierta hasta la fecha.

La cuarta especie incluida en el estudio es H. neanderthalensis , de la cual se

analizaron ocho especimenes proceden de tres yacimientos distintos:

e El yacimiento de Krapina®!! | situado a 32 km al noroeste de Zagreb (Croacia).
Este yacimiento es un abrigo rocoso cortado durante el interglacial Riss-Wiirm,
rellenado durante el interestadial Wiirm I-II y asociado a industria musteriense.
En este yacimiento se han encontrado restos humanos de H. neanderthalensis,

un minimo de 16 individuos ?'? con una edad aproximada de 130.000 anos?'3.

e La Grotte de la Chaise forma un conjunto de yacimientos pertenecientes al mis-

203Bermudez de Castro JM, Martinén-Torres M, Rosas A, van der Made J, Carbonell E, Sarmiento
S, Lozano M. 2004. The Atapuerca Sites and Their Contribution to the Knowledge of Human
Evolution in Europe. Evol Anthropol 13: 25-41.

204Carbonell E, Bermtidez de Castro JM, Parés JM, Pérez-Gonzélez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Caceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

205Bermtidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol

206Bermiidez de Castro JM. 1988. Dental remains from Atapuerca/Ibeas (Spain) II. Morphology.
J Hum Evol 17: 279-304.

207Bermudez de Castro JM. 1993. The Atapuerca dental remains. New evidence (1987-1991 ex-
cavations) and interpretations. J Hum Evol 24: 339-371.

208 Arsuaga JL, Martinez I, Gracia A, Carretero JM, Carbonell E. 1993. Three new human skulls
from the Sima de los Huesos Middle Pleistocene site in Sierra de Atapuerca, Spain. Nature 362:
534-537.

209 Aysuaga JL. Martinez I, Gracia A, Lorenzo C. 1997b. The Sima de los Huesos crania (Sierra
de Atapuerca, Spain). J Hum Evol 33: 219-281.

210Bermidez de Castro JM, Nicolds ME. 1995. Posterior dental size reduction in hominids: the
Atapuerca evidence. Am J Phys Anthropol 96: 335-56.

211Gmith F. 1976. The Neanderthal remains from Krapina. Univ. Tenn. Dept. Anthropol. Rep
Invest 15: 1-359.

212Wolpoff MH. 1979. The Krapina dental remains. Am J Phys Anthropol 50: 67-114.

213Rink WJ, Schwarcz HP, Smith FH, Radovcic J. 1995. ESR dates for Krapina hominids. Nature
378: 24.
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mo complejo karstico situados sobre la ciudad de Vouthon (Francia). Los yaci-
mientos que componen la Grotte de la Chaise son I’Abri Bourgeous-Delaunay,
I’Abri Suard y I'Abri Duport, llamados asi por los nombres de sus descubri-
dores. Los dientes estudiados en esta tesis proceden del yacimiento de 1’Abri
Bourgeous-Delaunay, en el que se han encontrado veintidés restos craneales y
postcraneales de adultos y ninos de la especie H. neanderthalensis, con una
datacién de 135.000 afios?'* .

e El yacimiento de Regourdou se encuentra en la aldea de Montignac (Francia).
En 1957 se descubrié un esqueleto de H. neanderthalensisrodeado por restos
6seos de oso pardo. Estudios posteriores han identificado un segundo individuo

(Regourdou 2) en el mismo yacimiento®!5.

Por dltimo, los humanos modernos estan representados en el estudio por dos

colecciones:
e La coleccién medieval del yacimiento de San Pablo (Burgos).

e La coleccion dental de referencia del CENIEH (Burgos), representando una

poblacién espanola moderna.

12.1.1. Criterios de inclusiéon

Se realiz6 una seleccion exhaustiva de los segundos premolares inferiores que for-
maron parte de este estudio. Solo se incluyeron premolares permanentes con raices
completamente desarrolladas. Todos los dientes que cumplian este requisito fueron
seleccionados para la muestra de estudio, que sirvié para la realizacion de las des-
cripciones cualitativas de las raices y los conductos radiculares asi como para las
medidas del plano correspondiente a la unién amelocementaria (CEJ). Posterior-
mente se selecciond una submuestra de premolares con las raices en perfecto estado
de preservacién (sin ninguna imperfeccién o fractura) para la descripcién cuantita-

tiva de las raices completas y de los conductos radiculares. Las distintas especies,

214Condemi S, Moncel MH. 2004. Chaise Vouthon. In: La Préhistoire - Histoire et dictionnaire,
Vialou, D., (éd.), Robert Laffont, Bouquins.

215Vandermeersch B, Trinkaus E. 1994. The postcranial remains of the Régordou 1 Neandertal:
the shoulder and arm remains. J Hum Evol 28: 439-476.
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Tabla 12.1: Descripcion de la muestra del estudio. Especies, origen, tamano muestral y
grado de desgaste.

Especies Origen Muestra n  Desgaste (Molnar, 1971)
H. sp Sima del Elefante Total* 1 4 (n=1)
H. antecessor Gran Dolina TD6 Total* 2 1 (n=2)
Total* 14 g Egi%
H. heidelbergensis Sima de los Huesos
Submuestra** 7 2 (n=4)
3 (n=3)
Total* 5 2 (n=4)
Krapina 3 (n=1)
H. neanderthalensis Submuestra** 2 2 (n=2)
Regourdou Total* y Submuestra** 1 2 (n=1)
Bourgeois-Delaunay Total* y submuestra** 2 2 (n=2)
2 (n=11)
San Pablo Total* y submuestra** 18 3 (n=4)
: 4 (n=3)
H. sapiens
. . 2 (n=3)
Coleccién dental de referencia % sk B
del CENIEH Total* y Submuestra 5 Z EE:B

* La muestra total estd compuesta por premolares con raices completamente desarrolladas.

** La submuestra estd compuesta por premolares con raices en perfecto estado de preservacién (sin fracturas
ni imperfecciones) y ha sido utilizada para los andlisis cuantitativos de la rafz.

los yacimientos paleoantropoldgicos, las muestras totales y submuestras asi como el

grado de desgaste de cada uno de los premolares estan representados en la tabla 12.1.

12.1.2. Concepto de edad funcional.

La deposicién de dentina secundaria en las paredes de la cavidad pulpar comienza
cuando termina la formacion del apice radicular. La complecion del apice se relaciona
con el tiempo en el que el diente ha sido funcional y también con el uso, este es el
motivo por el que el concepto de edad funcional se ha introducido en este trabajo.
El grado de desgaste estara relacionado con el tiempo en el que se ha depositado
dentina secundaria en las paredes de los conductos radiculares. La presencia de un

grado de desgaste mayor de uno (Molnar, 1971) significard que el dpice ha estado
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formado por un tiempo y que el diente ha sido funcional el tiempo suficiente para la

formacion de dentina secundaria en las paredes de los conductos.

12.2. Métodos

12.2.1. Protocolo de microtomografia y procesamiento de

las imagenes

Con la excepcién de los premolares de H. neanderthalensis, todos los dientes
fueron microtomografiados con el sistema de microtomografia Scanco localizado en
el Centro de Investigacién sobre Evolucion Humana de Burgos (CENIEH) (uCT80,
Scanco Medical, Switzerland). En cada microtomografia se utilizaron siempre los
mismos parametros: voltaje = 70 kV, amperaje = 140 mA, incremento angular =
0,72° y tamano resultante de los voxels = 36 x 36 x 36 um. La tnica excepcién fue
el segundo premolar inferior de la mandibula ATE9-1 del yacimiento de la Sima del
Elefante que fue escaneado con un tamano de voxel resultante de 20 x 20 x 20 pum.

Las microtomografias de los segundos premolares inferiores de H. neanderthalen-
sisfueron obtenidas de la base de datos NESPOS (https://nesposlive01.pxpgroup.com),
que permite a los miembros de la asociacién el acceso a las microtomografias y tomo-
grafias almacenadas en la base. Las microtomografias obtenidas de NESPOS tienen
un tamaio de voxel que varfa entre 20 - 45 ym?3.

Las imégenes resultantes de las microtomografias y tomografias (series de imédge-
nes de cortes microtomograficos en 2D) fueron tratadas con el software de anédlisis
de imégenes ImageJ (NIH) con el fin de eliminar espacio en el fondo en todas los
ficheros y reducir el tamano de los archivos. Las imagenes fueron filtradas utilizando
un filtro mediano tridimensional, seguido de un filtro MLV (mean of least varian-
ce) para facilitar la posterior segmentacién de los tejidos. Después de este proceso,
las imégenes fueron re-orientadas con el software de andlisis de imégenes Voxblast
(Vaytek, Inc.) para asegurar la posterior seleccién correcta de planos homélogos.

Por 1ltimo, las imagenes resultantes fueron importadas al software de andlisis
de imagenes MIMICS 13.1 (Materialise, Belgium). Con este programa los tejidos

externos y las cavidades pulpares de cada diente pudieron ser segmentados utilizando
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un proceso semiautomatico. La segmentacion de algunos conductos radiculares de la
muestra, en concreto del premolar procedente de la mandibula ATE9-1 de la Sima
del Elefante, fue realizada de forma manual desde el plano medio radicular hasta el
apice. Una vez realizada la segmentacion de los tejidos se procedio a la reconstrucciéon

tridimensional de las imagenes.

12.2.2. Descripciones cualitativas

Para llevar a cabo las descripciones cualitativas se utilizaron dos metodologias,
la inspeccion visual directa de los dientes y el andlisis de las imagenes obtenidas de
la microtomografia computarizada. En base a ambas, se realizd una primera clasifi-
cacién siguiendo las categorfas establecidas por Wood y sus colaboradores (1988)2'6
donde se evalud el nimero de raices, nimero de conductos radiculares y su locali-
zacion. Segun estos autores, la morfologia de las raices dentales de los homininos se
puede clasificar en cuatro grupos bien diferenciados que nosotros hemos condensa-
do en tres grupos (utilizaremos el término radical para denominar a las divisiones

radiculares sin separacién total, cuando no existe una bifurcacién externa real®!"):

e Raiz unica (1R) (Figura 12.1-A): Una raiz con un conducto radicular principal
tnico. Las raices de Tomes tinicas también se incluyen en esta categoria (ej. Un
surco de desarrollo en la superficie mesiolingual de la raiz, pudiendo aparecer
también un surco de desarrollo en la superficie distobucal de la raiz). Este tipo
de raices se considera que son lnicas mientras los surcos no den lugar a una
bifurcacién o si lo hacen, que ésta se limite a la regién periapical. La seccién
transversal de este tipo de raices muestra una imagen redondeada con un tinico
conducto radicular central. En este trabajo hemos incluido en la categoria de
raices tnicas a los dientes con una tnica raiz y un conducto radicular. Cuando
habia una bifurcacion de los conductos radiculares coincidente con los surcos,

aunque no la hubiera de las raices, se ha considerado 2T.

216Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

217Scott GR, Turner IT CG. 1997. The anthropology of modern human teeth. Cambridge Univer-
sity Press
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e Dos raices: Raiz de Tomes (2T) (Figura 12.1-B): Los surcos de desarrollo ca-
racteristicos de la raiz de Tomes (mesiobucal y distolingual), dan lugar a una
bifurcacién (de las raices o de los conductos radiculares). La localizacién de las
raices o radicales resultantes serda mesiobucal y distolingual. Cada una de las
raices o radicales contiene su propio conducto radicular. En la seccién trans-
versal de la regién cervical a la bifurcacion, se observan los surcos, siendo,

normalmente, el surco mesiobucal, el mas marcado.

e Dos raices: las raices pueden tener bien una disposicién mesiobucal y distal (2R:
MB +D)(Figura 12.1-C) o una disposicién mesial y distal (2R: M+D)(Figura
12.1-D).

En este estudio, se ha realizado la clasificacion de los distintos grados de raiz de
Tomes siguiendo la metodologia de Turner y colaboradores (1991)%1° . Este método

divide los grados de raiz de Tomes en seis categorias:

e Grado 0: La raiz no presenta surcos o, si los presenta, son superficiales con una

forma en la seccién transversal de indentacién redondeada.

e Grado 1: La raiz presenta un surco con una seccion transversal en forma de V

superficial.

e Grado 2: La raiz presenta un surco con una seccion transversal en forma de V

de profundidad media.

e Grado 3: La raiz presenta un surco con una seccion transversal en forma de V

profunda. El surco se extiende al menos un tercio de la longitud de la raiz.

e Grado 4: Existe una profunda invaginacién en los bordes mesiobucal y disto-

lingual de la raiz.

e Grado 5: Presencia de dos o tres raices separadas al menos un cuarto o un

tercio de la longitud de la raiz.

218Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

29Tyurner CG II, Nichol CR, Scott GR. 1991. Scoring procedures for key morphological traits of
the permanent dentition: The Arizona State University dental Anthropology System. In: Kelley M
and Larsen C (eds.), Advances in Dental Anthropology. WileyLiss, New York.
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Seccion transversal de la raiz
Cervical a la bifurcacidbn  Apical a 1a bifurcacién

A. Raiz (nica (1R)

\*/

B. 2 raices: Raiz de Tomes (2T)

Y

C. 2 raices: mesiobucal y distal (2R: MB+D)

I

D. Dos raices: mesial y distal (2R: M+D)

<=7~

Lingual «—[—» Buccal

Distal

Figura 12.1: Categorias de las morfologias observadas en las raices dentales de los pre-
molares mandibulares de hominidos fésiles (Imagen modificada de Wood et al., 1988%1%).

El grado de desgaste de cada diente fue determinado siguiendo el método propues-

to por Molnar (1971)?*. Este método consta de ocho grados de desgaste clasificados

220Molnar S. 1971. Human tooth wear, tooth function and cultural variabilty. Am J Phys Anth-
ropol 34: 175-190.
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por clases dentales (incisivos, caninos, premolares y molares). Los grados de desgaste

para premolares descritos por Molnar son los siguientes:

e Grado 1: Sin desgaste
e Grado 2: Facetas de desgaste en esmalte, no hay dentina observable.

e Grado 3: Cuspides parcial o totalmente obliteradas con pequenos puntos de

dentina visibles.
e Grado 4: Dos o mas zonas de dentina visible, una de gran tamano.
e Grado 5: Dos o mas zonas de dentina visible, mayores que el grado anterior.

e Grado 6: Una gran zona de dentina en el centro rodeada por un anillo completo

de esmalte en la zona oclusal.

e Grado 7: Al menos una zona de la corona completamente desgastada sin zonas

de esmalte visibles.

e Grado 8: Raices funcionando como superficie oclusal.

La morfologia de los conductos radiculares fue analizada en detalle utilizando el
esquema realizado por Canalda y Brau (2006)*! basado en el método descrito por
Aprile et al. (1967)*2. Este método, sistemdtico y meticuloso, permite realizar una

descripcién muy detallada de la cavidad pulpar (Figura 12.2).

12.2.3. Medidas

La raiz y la corona de los premolares fueron separadas. Solo las raices y los
conductos radiculares fueron utilizados para las medidas. Las raices fueron divididas

en tres segmentos, esta division se realizo siguiendo los planos determinados por

221Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona

222 Aprile H, Fitin M E, Garino RR. 1967. Anatomia Odontolégica. Ed. 4, Buenos Aires, El
Ateneo.

223Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.
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Kvaal y colaboradores (1995)?** con algunas modificaciones. El plano CEJ (Unién

amelo-cementaria) fue localizado siguiendo el método de Olejniczak (2006)22

, este
método localiza el plano CEJ como el plano medio entre la tdltima imagen de la
corona en la que se observa un anillo continuo de esmalte y la ultima imagen de la
corona en la que se observa esmalte. Seguidamente, el plano medio de la raiz (MR),
equivalente al plano C en el método de Kvaal, en la distancia media entre el plano
CEJ y el apice, fue definido como paralelo al plano CEJ. Finalmente, el plano medio
del apice (MA), en la distancia media entre el plano MR y el apice, paralelo a los
dos planos anteriores(Figura 12.3).

Para mayor claridad, las secciones 3D contenidas entre los planos definidos fueron

nombradas como se expone a continuacién:
1. Seccién A: volumen contenido entre CEJ y MR.
2. Seccién B: volumen contenido entre MR y MA.
3. Seccién C: volumen contenido entre MA y el apice radicular.

Se tomaron medidas directas y se calcularon las variables transformadas de los
planos y las secciones de la muestra (todos los premolares con medidas del plano
CEJ) y de la submuestra (premolares con medidas de la raiz completa) organiza-
dos por especies. Cuando se encontraron dos conductos radiculares dentro de alguno
de los tres planos definidos, se tomé la suma de las medidas de los dos conduc-
tos. Se tomaron las medidas directas para obtener los valores absolutos de tamano
(4reas, superficies y volimenes) de las raices y conductos radiculares. Se calcularon
las variables transformadas para obtener los valores relativos y proporciones (éreas,
superficies y volimenes) entre las medidas de las raices y de los conductos radiculares
independientemente del tamano de los dientes.

Se realizaron comparaciones intra-especificas en H. sapiens y H. heidelbergensis
para valorar el impacto del grado de desgaste en las dimensiones de los conductos

radiculares dentro de la misma especie. En H. sapiens se compararon las variables

224K vaal SI, Kolltveit KM, Thomsen IO, Solheim T. 1995. Age estimation of adults from dental
radiographs. Forensic Sci Int 74: 175-85.

225Qlejniczak AJ. 2006. Micro-computed tomography of primate molars. Ph.D. Dissertation,
Stony Brook University.
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transformadas de los premolares con grados de desgaste 2, 3 y 4. En H. heidelbergensis
se compararon los premolares con grados de desgaste 2 y 3. Ninguno de los premolares
de H. heidelbergensis presentaba un grado de desgaste mayor de tres y las muestras de
ATE9-1y H. neanderthalensis eran demasiado reducidas para realizar comparaciones
intra-especificas. El grado de desgaste fue utilizado en este caso como variable de
agrupacion.

Se calculé la media y la desviacion estandar de las medidas directas y de las
variables transformadas. Se realizaron comparaciones inter-especificas de las medi-
das directas y de las variables transformadas tomadas de H. heidelbergensis , H.
neanderthalensis y H. sapiens para evaluar las diferencias significativas entre gru-
pos (p < 0,05). Se realizé en todos los casos el test estadistico no paramétrico de
Mann-Whitney para realizar estas comparaciones debido a que algunas variables no
presentaban una distribucién normal. La variable especie fue tomada en este caso co-
mo variable de agrupacién. Todos los andlisis fueron realizados mediante el software
de estadistica PASW 18 (SPSS Science, Inc). La tabla 12.2 incluye una descripcién
pormenorizada de las medidas directas, las variables transformadas utilizadas (2D y

3D) y de sus correspondientes acrénimos.
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Tabla 12.2: Medidas tomadas en el estudio de las raices de los seqgundos premolares per-
manentes inferiores. Las longitudes estdn expresadas en mm, las dreas y superficies en

mm? y los volimenes en mm?>.

Medidas Acrénimos
Longitud Totlength
Total Superficie Totsf
Volumen Totvol
Raiz Secciones Superficie StA,ByC
Volumen Vol A, By C
Planos Area AreaCEJ, MR y MA
Medidas directas Total Superficie Totpulpsf
Volumen Totpulpvol
: . Superficie PulpsfA, By C
Conduct dicul ’
onductos radiculares - Secciones  y) i men PulpvolA, By C
Planos Area PulpareaCEJ, MR y
MA
Total Superﬁc.ie conductos radiculares/  Totpulpsf/Totsf
superficie raiz
Volumen conductos radiculares/  Totpulpvol/Totvol
Variables transformadas volumen raiz
Secciones Superﬁc.le C())nductos radiculares/  Pulpsf/Sf A, By C
superficie raiz
Volumen conductos radiculares/ Pulpvol/Vol A, By C
volume raiz
Planos , Pulparea/Area  CEJ,
Area conductos radiculares/ drea MR y MA

raiz
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A
CEJ
Plane Root hard tissues
CEJ Plane
Radicular canal
Mid-root ‘

Plane Mid-root Plane

\

B
Mid-apex

H »“ &
Plane §S=3
Apex ] § 5 C Mid-apex Plane

Figura 12.3: A: Diagrama mostrando los planos y secciones (3D) tomados en el estudio
de los sequndos premolares inferiores. B: Los diagramas muestran una representacion es-
quemdatica del plano CEJ (arriba a la izquierda), en el cual se pueden distinguir los tejidos
duros de la raiz (en amarillo) y el conducto radicular (rojo). Las medidas de el drea total de
los planos se muestran en el centro de la linea superior (el darea gris). Esta medida incluye
el drea de la pulpa. La medida del drea del conducto radicular se muestra en gris en la
figura de arriba a la derecha. Las figuras en la linea de abajo muestran una representacion
de una seccion 3D (A) en la cual los tejidos duros (amarillos translicidos) se distinguen
del conducto radicular (rojo).



13 Raices y conductos radiculares
de la mandibula ATE9-1

13.1. Materiales

En la campana de excavaciones del 2007 se recuperé un fragmento de mandibula
humana en el nivel ATE9 que representa el resto humano mas antiguo encontrado
en Europa hasta el momento, con una datacién de Pleistoceno inferior, de entre
1,1-1,2 millones de afios. Asignado de manera provisional a H. antecessor 226, un
estudio posterior ha considerado méas prudente su indeterminacién taxonémica y de

momento nos referiremos a este fésil como Homo sp.??7.

13.1.1. Proceso de restauracion de la mandibula ATE9-1.

ATE9-1 sufri6 varias alteraciones post-deposicionales, la mayoria de ellas restau-
radas después de su hallazgo, en el ano 2007, en el Departamento de Restauracién y
Conservacién del CENIEH. Un fragmento de la seccion distal del cuerpo mandibular
derecho y la pared distal del alveolo del segundo premolar inferior derecho (RP4)

fueron encontrados por separado. El RP4 fue incluido posteriormente en su corres-

226Carbonell E, Bermtdez de Castro JM, Parés JM, Pérez-Gonzélez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

22TBermtidez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.
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pondiente alveolo ya restaurado??®. Los procesos de microtomograffa y tomografia
fueron realizados posteriormente a la restauracion de la mandibula, motivo por el
cual solo fue posible realizar microtomografias en los dientes que continuaron aislados
tras el proceso de restauracién (premolares inferiores izquierdos, caninos e incisivo
lateral inferior derecho) (Tabla 13.1).

13.1.2. Muestra

La mandibula conserva in situ las raices del incisivo lateral inferior (L12), el primer
premolar inferior derecho (RP3) y el segundo premolar inferior derecho (RP4) y los
apices del incisivo lateral y canino derechos (RI2 y RC). Ademads, se encontraron
cinco dientes aislados en el mismo cuadrante: el segundo premolar inferior izquierdo
(LP4), el incisivo lateral derecho (RI2), la raiz y un fragmento de la corona del
canino derecho (RC), un fragmento de raiz que fue clasificado en un principio como
primer premolar inferior izquierdo (LP3) y una raiz con un pequeno fragmento de
corona que fue clasificado en un primer momento como un canino inferior izquierdo
(LC). Las dimensiones dentales, el grado similar de desgaste oclusal e interproximal
asi como el ajuste adecuado de la pared del alveolo preservada y los dientes sugieren

su pertenencia a la mandibula ATE9-1.

13.2. Métodos

13.2.1. Protocolo de tomografia y microtomografia

La mandibula ATE9-1 completa y restaurada fue escaneada mediante el siste-
ma de tomografia YXLON MU 2000-CT de la Universidad de Burgos utilizando los
siguientes parametros: voltaje = 160 kV, amperaje = 4 mA, tamano de voxels resul-
tante de 0,5 x 0,5 x 0,5 mm. Los dientes aislados fueron microtomografiados con el
sistema de microtomografia Scanco (uCT80, Scanco Medical, Switzerland) del CE-

NIEH, utilizando los siguientes parametros: voltaje = 70 kV, amperaje = 140 mA,

228Martinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.
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tamano resultante del voxel = 20 x 20 x 20 pm.

13.2.2. Tratamiento de imagenes

Las imégenes resultantes de las microtomografias y tomografias fueron tratadas
con el software de andlisis de imdgenes Image J (NIH) con el fin de eliminar espacio
en el fondo y reducir el tamano de los archivos. Las iméagenes fueron filtradas uti-
lizando un filtro mediano tridimensional, seguido de un filtro MLV (mean of least
variance). Este proceso fue realizado para facilitar la posterior segmentacién de los
tejidos. Por ltimo, las imagenes resultantes fueron importadas al software de andli-
sis de imdgenes MIMICS 13.1 (Materialise, Belgium). Con este programa los tejidos
externos y las cavidades pulpares de cada diente pudieron ser segmentados (divididos
en varias partes (grupos de pixeles) u objetos) utilizando un proceso semiautomati-
co. La segmentacion de los conductos radiculares de todos los dientes, aislados e in
situ de ATE9-1, fue realizada de forma manual desde el plano medio radicular hasta
el apice. El proceso de segmentacion manual fue necesario debido a la deposicién
de minerales en el interior de los conductos radiculares en multiples localizaciones y
al pequeno tamano de las ramificaciones a nivel del tercio apical. La segmentacion
de las gruesas capas de cemento (hipercementosis) encontradas en la mitad apical
de la raiz de estos dientes no fue posible debido a la falta de diferenciacion de las
densidades. Las capas de dentina secundaria o terciaria no eran distinguibles en las

microtomografias, la segmentacién tampoco fue posible en este caso.

13.2.3. Descripciones cualitativas

La morfologia externa de las raices se clasific siguiendo las categorias estable-
cidas por Wood y colaboradores (1988)%%°. Los diferentes grados de rafz de Tomes
fueron descritos siguiendo la clasificacién de Turner et al. (1991)?*°. Para la des-

cripcion de la morfologia de los conductos radiculares se ha empleado el esquema

22%Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

230Turner CG II, Nichol CR, Scott GR. 1991. Scoring procedures for key morphological traits of
the permanent dentition: The Arizona State University dental Anthropology System. In: Kelley M
and Larsen C (eds.), Advances in Dental Anthropology. WileyLiss, New York.
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presentado por Canalda y Brau (2006)%3! basado en el método descrito por Aprile
et al. (1967)*?(Figura 12.2).

13.2.4. Medidas

Solo se tomaron medidas de los dientes con raices completas, no fragmentadas
(LP4 y LI2) debido a la imposibilidad de obtener puntos de referencia adecuados en
el resto de los dientes de la muestra. La corona y la raiz anatomicas de los dientes
completos fueron separadas virtualmente siguiendo el método de Kupczik y Hublin
(2011)?3 | este método localiza el plano que mejor se ajusta a la unién amelocemen-
taria mediante la creacion de mas de veinte puntos equidistantes siguiendo la linea
amelocementaria. Este procedimiento fue realizado mediante el programa de analisis
de imagenes Voxblast (Vaytek, Inc). Se midié el volumen total de la raiz (Rvol), la
superficie total de la raiz (Rsf), el volumen del conducto radicular (Rpulpvol), la

superficie del conducto radicular (Rpulpsf) y la longitud de la raiz (Rlenght).

21Canalda C, Brau E. 2006. Endodoncia. Técnicas clinicas y bases cientificas. Ed. Masson. Bar-
celona.

232 Aprile H, Fitin M E, Garino RR. 1967. Anatomia Odontolégica. Ed. 4, Buenos Aires, El
Ateneo.

233Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens . J Hum Evol 59: 525-41.



Results

89






14 Roots and root canals of lower

second permanent premolars

14.1. Morphological descriptions and comparisons

A 3D rendering model of the whole tooth and the pulp cavity of an LLP4 for each

of the species studied is shown in figure 2.

e Externally, ATE9-1 root presents a prismatic shape with four longitudinal ex-
ternal grooves (buccal, mesial, distolingual and distal) which start at the second
third of the root and get more pronounced towards the apex. Due to the sha-
llow developmental grooves observed in the surface, we will classify this root as
grade 1 of Tomes’root. Inside, the root canal is bifurcated at the apical third
of the root into a mesio-buccal and disto-lingual (MB and DL) canals that
disappear to form two ramifications at the apex (Figure 14.1-A and B). We
would classify this root as Tomes’root (2T). The transversal section of the root
canal at the CEJ plane is ellipsoid(Figura 14.1-C).

e Although there are only two premolars available from Gran Dolina-TD6, ATD6-
4 and ATD6-125, and the two specimens showed broken roots, they were inclu-
ded in the study due to their importance in the fossil record. ATD6-4 shows two
radicals bifurcated at the end of the middle third in two roots (2R: MB+DL)
grade 5 of Tomes’root. Internally, we can identify a root canal bifurcated at
the beginning of the middle third into a a MB and a DL canals. The MB canal
bifurcates at the middle third into a B and a DL canal. ATD6-125 showed two
radicals MB and DL, the MB radical is broken at the coronal third, the DL ra-

91
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Homo sp. (ATE9-1)

Figure 14.1: A. Three dimensional model of the buccal aspect of the lower second premolar
from the ATE9-1 mandible (Virtual filling of the pulp cavity). B. Three dimensional model
of the mesial aspect of the lower second premolar from the ATE9-1 mandible (Virtual filling
of the pulp cavity). C. MicroCT cross-sections of the root of the lower second premolar from
the ATE9-1 mandible at the CEJ, MR and MA planes. None of the images are depicted to
scale.

dical is broken at the apical third. Internally the root canal separates into two
canals (MB and DL) at the coronal third of the root. The transverse section of

the root canal at the CEJ plane is ellipsoid in both premolars (Figure 14.2).

e All premolars from the H. heidelbergensis sample showed a single root without
bifurcations (1R) with Tomes’root grade 0 and a single root canal with a slightly
convergent (almost parallel) longitudinal section (Figure 14.3-A and B) and

circular transverse shape in the root canal at the CEJ plane (Figure 14.3-C).

e All the H. neanderthalensis premolars with the exception of Kdr35, showed
a single root (1R) with Tomes’root grades 0 and 1 with a single root canal

convergent to the apex that followed the curvature of the root (Figure 14.4-A
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H. heilderbergensis (AT603)

Figure 14.3: A. Three dimensional model of the buccal aspect of one of the lower second
premolars from Sima de los Huesos sample (Virtual filling of the pulp cavity). B. Three
dimensional model of the mesial aspect of one of the lower second premolars from Sima
de los Huesos sample (Virtual filling of the pulp cavity). C. MicroCT cross-sections of the
root of one of the lower second premolar from the Sima de los Huesos sample at the CEJ,
MR and MA planes. None of the images are depicted to scale.

and B). The Krapina specimen (Kdr 35) showed a Tomes'root (2T) grade 3,
the root canal is bifurcated at the middle third of the root into a MB and DB
canals. All the premolars showed an ellipsoid transverse shape in the root canal
at the CEJ plane (Figure 14.4-C).
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H. neanderthalensis (Kdr30)

Figure 14.4: A. Three dimensional model of the buccal aspect of one of the lower second
premolar from the H. neanderthalensis sample (Virtual filling of the pulp cavity). B. Three
dimensional model of the mesial aspect of the lower second premolar from the H. neandert-
halensis sample (Virtual filling of the pulp cavity). C. MicroCT cross-sections of the root
of the lower second premolar from the H. neanderthalensis sample at the CEJ, MR and
MA planes.None of the images are depicted to scale.

e The ’San Pablo’medieval modern human sample showed morphological homo-
geneity in their roots and root canals. All the premolars studied from this
population had a single root (1R) with Tomes’root grade 0 and a single root
canal with a highly convergent longitudinal section and an ellipsoid transverse

shape in the root canal at the CEJ plane (Figure 14.5).

e Similarly, all the premolars in the CENIEH’s modern dental collection but
CR51 specimen have a single root (1R) with Tomes’root grades 0. Nevert-
heless, when looking at the internal morphologies some of the teeth showed
primary transverse canals (SDR11), primary blind oblique canals (SDR11) or
recurrent canals (IZ5). Only one of the premolars (CR51) showed a root ca-
nal bifurcated at the middle third and posteriorly fused at the apical third.
The longitudinal section of all the root canals was highly convergent towards
the apex. In addition, the transverse section of all the root canals at the CEJ

showed an ellipsoid shape.
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SP1350.66

Figure 14.5: A. Three dimensional model of the buccal aspect of the lower second pre-
molar from San Pablo modern human sample (Virtual filling of the pulp cavity). B. Three
dimensional model of the mesial aspect of the lower second premolar from the San Pablo
modern human sample (Virtual filling of the pulp cavity). C. MicroCT cross-sections of the
root of the lower second premolar from the San Pablo modern human sample at the CEJ,
MR and MA planes.None of the images are depicted to scale.

Figure 14.6 shows a renderization (computering term that refers to the virtual
generation of images from models) of the premolars and their pulp cavities of Homo

sp.(Sima del Elefante), H. heidelbergensis , H. neanderthalensis y H. sapiens .

14.2. Intra-specific comparisons of transformed va-

riables

There were no significant differences in any intra-specific comparison between
measurements of wear categories 2 and 3 in H. sapiens or H. heidelbergensis pre-
molars. In contrast, significant differences were observed in one measurement (Pul-
psfA/SfA) when comparing wear categories 2 and 3 with wear category four in H.
sapiens premolars (Table 14.1). Significant differences were also observed in Totpul-
psf/Totsf when comparing wear categories three versus four in H. sapiens premolars.
For this reason, all the premolars with wear categories higher than 3 were eliminated

for the rest of the measurements and statistical analyses.
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Homo. sp H. sapiens H. neanderthalensis H. heidelbergensis

>4

SP-1350-13 AT 1350

Figure 14.6: Three-dimensional models of the buccal orientation of the representative lo-
wer second premolars of the four species studied here; the teeth are not depicted to scale, the
pulp cavities have been Made to be of uniform height for ease of interpretation. Differences
in the morphology of the root canals are apparent between species. The marked convergence
of the H. sapiens root canal walls contrasts with the less pronounced convergence of the H.
heidelbergensis root canal walls.

14.3. Descriptive Statistics

Tables 14.2 and 14.3 shows the mean and standard deviation of each of the sample
and subsample. In all cases, there was a decreasing size-related trend from the 2D
and 3D measurements taken at the CEJ plane to the measurements taken at the MA
plane.

Looking at the 2D and 3D external direct measurements of the root, H. nean-
derthalensisshowed the highest mean values followed by H. heidelbergensisand H.

sapiensin most of the variables compared. This trend was not followed in four of the

234Molnar S. 1971. Human tooth wear, tooth function and cultural variabilty. Am J Phys Anth-
ropol 34: 175-190.
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Table 14.1: Intra-specific comparisons. Category of wear (W) was used as the grouping
variable in this case (significant results (p< 0.05) are indicated with an "X’). The categories
of wear were divided following Molnar (1971)*4.

Measurements Intra-specific comparisons

Totpulpvol /Totvol H. sapiens H. sapiens H. Sapiens H. Heidel-
W2uvs. W8 W2ws. W, W8wvs W/,  bergensis

W2 vs W3
Totpulpsft/ Totsf X
PulpvolA/ VolA
PulpsfA/ SfA X X
PulpvolB/ VolB
PulpsfB/ SfB

PulpvolC/ VolC
PulpsfC/ SfC
PulpareaEDJ/ AreaEDJ
PulpareaMR/ AreaMR

* The categories of wear where divided following Molnar (1971)

measurements compared, root length (Totlength), root volume (Totvol)and volume
of sections A and B (VolA and VolB), where H. heidelbergensisshowed the highest

mean values followed by H. neanderthalensis and H.sapiens .

Regarding the 2D and 3D root canal direct measurements, H. heidelbergensis sho-
wed the highest mean values in all the variables followed by H. neanderthalensisand

H. sapiens.

Looking at the direct measurements of the CEJ plane where all the species and the
whole sample size were included. Homo sp. showed the highest mean values followed

by H. antecessor , H. neanderthalensis , H. heidelbergensis and H. sapiens .



98 Results

14.4.

rements

Inter-specific comparisons of direct measu-

The results of the inter-specific comparisons of direct measurements are presen-

ted in table 14.2. Significant differences (p< 0.05) were observed between all the

measurements when comparing H. sapiens and H. heidelbergensis . H. sapiens and

H. neanderthalensis showed significant differences (p< 0.05) in all the variables com-

pared except PulpvolC, PulpareaM A, PulpareaCEJ and PulpsfA. Only one variable,

PulpareaCEJ, showed significant differences when H. heidelbergensisand H. nean-

derthalensis were compared.

Table 14.2: Results of descriptive statistics and inter-specific comparisons performed in
the root and the root canal direct measurements. When the table is read in horizontal, the

numbers with the same superscript represent that no statistical differences (p< 0.05) were

observed between values. *The measurements of the CEJ plane were performed in the whole

sample, not only in the subsample as the other measurements in H. heidelbergensis (n=14),
H. neanderthalensis (n=8), H. sapiens (n=19). n/a: Not applicable.

Homo sp. H. antecessor  H. heildebergensis  H. neanderthalensis H. sapiens
(n=1) (n=2) (n=7) (n=5) (n=19)

Totlength 18.46 (n/a) n/a 18.78% (1.11) 17.89¢ (3.91) 14.36% (1.31)
Totvol 663.01 (n/a) n/a 403.81% (113.54) 389.54% (75.71) 219.32° (46.85)
Totxf 548.41 (n/a) n/a 419.62% (65.91) 439.22% (82.62) 258.83% (38.45)
SfA 314.18 (n/a) n/a 261.36% (37.64) 263.46 (6.03) 164.01° (22.11)
VolA 425.5 (n/a) n/a 280.57% (68.13) 262.77% (62.32) 154.99%(29.17)
SfB 135.04 (n/a) n/a 99.06 (18.31) 108.12%(15.53) 58.60°(12.33)
VolB 154.90 (n/a) n/a 87.82% (30.83) 87.77% (15.54) 45.43%(14.39)
StC 99.20 (n/a) n/a 59.21¢ (12.51) 67.63% (13.38) 36.22° (8.26)
VolC 82.60 (n/a) n/a 35.43% (15.13) 39.00% (6.37) 18.91%(6.03)
AreaCEI 64.11 (n/a) 54.01 (0.76) 37.62% (4.19) 47.68% (13.54) 27.99% (2.92)
AreaMR 37.61 (n/a) n/a 23.57%(7.38) 23.61% (3.21) 14.86° (3.84)
AreaMA 25.82 (n/a) n/a 12.97% (4.37) 16.6* (2.50) 8.89% (3.60)
Totpulpsf 82.45 (n/a) n/a 88.09%(18.86) 79.90% (27.74) 47.57%(9.32)
Totpulpvol 21.31 (n/a) n/a 29.64% (12.12) 21.41%(11.04) 9.51%(2.92)
PulpsfA 54.33 (n/a) n/a 58.61% (10.11) 52.34%%(16.06) 36.48°(7.79)
PulpsfB 18.67 (n/a) n/a 20.77* (5.69) 19.85%(8.09) 7.43%(2.17)
PulpsfC 9.46 (n/a) n/a 8.72% (4.46) 7.72%(5.65) 3.66%(139)
PulpvolA 18.98 (n/a) n/a 22.6% (8.01) 16.98%(8.50) 8.33%(2.30)
PulpvolB 2.03 (n/a) n/a 5.55% (3.13) 3.63%(2.18) 0.92°(0.57)
PulpvolC 0.34 (n/a) n/a 1.48% (1.25) 0.82b(0.77) 0.26°(0.15)
PulpareaCEI*  6.73 (n/a) 5.25(2.11) 3.21% (0.95) 4.08°(0.96) 1.78%(0.5)
PulpareaMR 0.67 (n/a) n/a 1.61% (0.69) 0.97% (0.43) 0.33% (0.18)
PulpareaMA 0.11 (n/a) n/a 0.69 (0.45) 0.36%% (0.28) 0.13% (0.09)
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Table 14.3: Results of descriptive statistics and inter-specific comparisons performed in
the root and the root canal transformed variables. When the table is read in horizontal,
the numbers with the same superscript represent that no statistical differences (p< 0.05)
were observed between values. *The measurements of the CEJ plane were performed in the
whole sample, not only in the subsample as the other measurements in H. heidelbergensis
(n=14), H. neanderthalensis (n=8), H. sapiens (n=19). n/a: Not applicable.

Homo sp. H. antecessor  H. heildebergensis  H. neanderthalensis H. sapiens
(n=1) (n=2) (n="7) (n=5) (n=19)

Stpulroot/Sfroot 0.13 (n/a) n/a 0.17* (0.02) 0.15%% (0.03) 0.19% (0.04)
Volpulroot /Volroot 0.03 (n/a) n/a 0.08% (0.03) 0.05%% (0.02) 0.04% (0.01)
SfpulA/VolA 0.15 (n/a) n/a 0.23% (0.02) 0.20% (0.03) 0.23% (0.06)
VolpulA /VolA 0.04 (n/a) n/a 0.08% (0.03) 0.06% (0.02) 0.05% (0.01)
SfpulB/VolB 0.12 (n/a) n/a 0.17% (0.03) 0.15%% (0.04) 0.11% (0.02)
VolpulB/VolB 0.01 (n/a) n/a 0.07% (0.04) 0.04%% (0.02) 0.02% (0.01)
StpulC/VolC 0.09 (n/a) n/a 0.13% (0.06) 0.107% (0.05) 0.10% (0.03)
VolpulC/VolC 0.00 (n/a) n/a 0.05% (0.04) 0.02%% (0.02) 0.01% (0.01)
AreapulpCEJ/AreaCEJ*  0.11 (n/a) 0.10 (0.04) 0.08% (0.02) 0.09% (0.04) 0.07% (0.02)
AreapulpMR/AreaMR 0.018 (n/a) n/a 0.07* (0.03) 0.04% (0.01) 0.03% (0.01)
AreapulpMA /AreaMA 0.00 (n/a) n/a 0.06% (0.04) 0.02%% (0.02) 0.01% (0.01)

14.5. Inter-specific comparisons of transformed va-

riables

As no significant intra-specific differences (p < 0.05) were found between cate-
gories of wear 2 and 3, inter-specific comparisons were performed without regard
to wear category, with species as the grouping variable. When the transformed va-
riables of H. heidelbergensisand H. sapiens were compared, significant differences
were observed between all the variables except Sfpulproot/Sfroot, SfpulpA /SfA and
SfpulpC/SfC. No significant differences were observed when comparing the trans-
formed variables taken in H. heidelbergensis and H. neanderthalensiswith just one
exception: AreapulpMR/areaMR. Significant differences were observed when com-
paring the transformed variables AreapulpCEJ/AreaCEJ and SfpulpA/SfA in H.
sapiensand H. neanderthalensis , the comparisons of the rest of the transformed
variables didn’t show any significant differences (Table 14.3). Most of the signifi-
cant differences between H. sapiens and H. heidelbergensis were located in section B
(Figure 14.7).
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Figure 14.7: Boz-plots showing inter-specific comparisons without separation by wear cate-
gory in 3D section B. There is some overlap between the ratios PulpareaMR /Area MR, Pulp-
volC/VolC, PulpareaMA/AreaMA and PulpsfC/SfC. The black stars represent the outliers.




15 Roots and pulp cavity of the
mandible ATE9-1

Table 13.1 shows all teeth location and preservation state, the imaging method
that has been used with each of them and a summary of the results of the internal
and external morphological analyses.

The portion of the in situ preserved fragment of the LI2 (Figure 15.1) is a single
root without external bifurcation (1R). This root would be also classified as grade
0 of Tomes’root with no external visible groove. However, internally we observe a
possible bifurcation. A buccal and a lingual canal can be observed at the coronal
third of the root in the tomography. They could be the result of a bifurcation of
the main canal or they could be two separate canals. The lower resolution of the
CT prevents us from seeing whether the lingual canal continues to the apex, since
it disappears of the image at the middle third of the root. The buccal canal shows
a lingual bifurcation at the apex showing an oblique accessory canal (45 angle from
the main canal towards the apex). The transverse sections of the root canals are
circular over their entire length. The measurements of the LI2 root are contained in
Table 15.1.

Table 15.1: Measurements of the root of LP4 and LI2 from ATE9-1. Rvol = root volume.
Rsf= root surface. Rpulpvol= root canal volume. Rpulpsf= root canal surface. Rlenght=
root length.

Rvol (mm?) Rsf (mm?) Rpulpvol (mm?®) Rpulpsf (mm?) Rlenght (mm)
LI2 336,42 445,37 6,97 52,24 16,42
LP4 6417 548,41 91,31 82,45 18,46

101
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Figure 15.1: Consecutive high-resolution medical CT transverse cross-sections of ATE9-1
demonstrating root morphology of the in situ dentition: A. At the level of the cement-enamel
gunction (CEJ) B. One quarter of the distance from the CEJ to the root apex C. one half

of the distance from the CEJ to the root apexr D. Three-quarters of the distance to the root
aper.
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The RI2 root (Figure 15.2) is single (1R), distally deviated in its apical third and
without evident developmental grooves (grade 0 of Tomes’). However, the CT reveals
two rounded depressions in the external mesial and distal surfaces at the apical
third that delineate an eight-shape section. The main root canal follows the straight
trajectory of the root. At the apex, the main canal is divided into a buccal and
lingual canals. The lingual canal bifurcates at the apex into three canals. The buccal
apical canal is the largest, so its foramen could be considered the main foramen of
the tooth. The longitudinal section of the main root canal is convergent to the apex.
The transverse cross-section of the upper third of the root canal shows a circular
shape. The apical third of the pulp cavity shows an elliptical shape that continues

to the bifurcation of the canal at the apex.

The poor preservation of the LC (Figure 15.3) prevents an accurate assessment

Figure 15.2: A. Buccal aspect of the RI2, external and internal (virtual filling of the pulp
cavity) views B. Mesial aspect of the RI2, external and internal (virtual filling of the pulp
cavity) views C. MicroCT crosssections of the roots of the RI2 at the cervical, mid-height,
and apical thirds.
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of its original external and internal morphology; only part of the middle third and
the apical third of the root and the pulp cavity could be visualized and examined.
On purely external analysis, this root would be classified as 1R. It shows two sha-
llow developmental grooves in the mesial and distal surfaces of its apical third that
delimitate a distobuccal and mesiolingual component (grade 1 of Tomes’root) and a
slightly bifid tip. The CT transverse cross-sections of the external morphology of the
root also show the developmental grooves. The mesiolingual radical is predominant
at the apical third, and it is slightly deviated to mesial. Four root canals (following
a bucco-lingual line) can be observed at the mid-third of the root. They could be ac-
cessory ramifications of a main canal, or this could be an indication that this canine
had four separated canals. These four canals are converted into three canals as they
get close to the root apex where a ramification of the root canals can be observed
with no visible main canal or foramen. This tooth was classified in previous studies
as a LP3235:236.237 T this analysis, and in light of the CT and microCT information,

a new classification is suggested.

The RC (Figure 15.4) root is single and mesiodistally compressed. Externally it
would be classified as 1R. Below the excess of cement we can observe mesial and
distal wide constrictions. The coronal half of the root is composed of a main canal
with a circular transverse profile, which takes an elliptical shape just before dividing
into four accessory canals. It displays a straight trajectory, following the shape of
the root. The main canal divides into four smaller accessory canals that intertwine
and end in a ramification of the root canals where no main canal can be identified.

The longitudinal section of the main canal shows parallel walls.

235Carbonell E, Bermtdez de Castro JM, Parés JM, Pérez-Gonzalez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

236Bermudez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

23TMartinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.
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Figure 15.3: A. Buccal aspect of the LC, external and internal (virtual filling of the pulp
cavity) views B. Mesial aspect of the LC, external and internal (virtual filling of the pulp
cavity) views C. MicroCT cross sections of the roots of the LC at the cervical, mid-height,
and apical thirds.

Although there is a high degree of hypercementosis at the apical third of the
root of the LP3 (Figure 15.5), a light expression of a bifid tip could be observed.
Only by the external analysis of the morphology of this root, it could have been
classified as 1R. But looking at the internal and external morphologies it would be
classified as a Tomes’root (2T'). There is a moderately deep developmental groove in
the distolingual surface that extends along two thirds of the total root length (grade
3 of Tomes’root). This groove delimitates externally a mesiobuccal and a distolingual
radical. There is a main root canal which bifurcates from the middle third of the root,
and from this point the pulp cavity is composed of buccal and lingual canals which
remain separated until the apex. The canals follow the curve of the root, without a
strong angulation. The apices of the root canals are curved, following the shape of
the root. There are two blinded accessory canals that end their trajectories inside
the tooth, in this case in the cement. These accessory canals start from the mesial
and distal canals following an oblique trajectory with a 45 angle. The apical third

of the root canal shows a ramification, no main canal can be identified. The apex is
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Figure 15.4: A. Buccal aspect of the RC, external and internal (virtual filling of the pulp
cavity) views B. Mesial aspect of the RC, external and internal (virtual filling of the pulp
cavity) views C. MicroCT crosssections of the roots of the RC at the cervical, mid-height,
and apical thirds.

full of foramina with similar diameters. The walls of the root canals in longitudinal
section are parallel. A transverse cross-section of the root canals at a cervical level
shows a circular shape. This tooth was previously classified as LC?38:239:240_ Tp this

analysis a new classification is suggested.

238Carbonell E, Bermtdez de Castro JM, Parés JM, Pérez-Gonzslez A, Cuenca-Bescés G, Ollé A,
Mosquera M, Huguet R, Van der Made J, Rosas A, Sala R, VAllverdu J, Garcia N, Granger DE,
Martinén-Torres M, Rodriguez XP, Stock GM, Vergés JM, Allué E, Burjachs F, Céceres I, Canals
A, Benito A, Diez C, Lozano M, Mateos A, Navazo M, Rodriguez J, Rossell J, Arsuaga JL. 2008.
The first hominin of Europe. Nature 452: 465-469.

239Bermudez de castro JM, Martinén-Torres M, Gémez-Robles A, Prado-Simén L; Olejniczak
A, Martin-Francés L, Lapresa M, Carbonell E. 2011. The Early Pleistocene human mandible from
Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A comparative morphological
study. J Hum Evol 61: 12-25.

240Martinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermuidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.
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Figure 15.5: A. Buccal aspect of the LP3, external and internal (virtual filling of the pulp
cavity) views B. Mesial aspect of the LP3, external and internal (virtual filling of the pulp
cavity) views C. MicroCT crosssections of the roots of the LP3 at the cervical, mid-height,
and apical thirds.

The external upper third of the transverse CT cross-section of the root of the
RP3 (Figure 15.1) is oval, with a slight mesiolingual indentation. A mesiobuccal and
a distolingual radical are delimitated externally by a moderately deep developmental
groove in the mesiolingual surface that extends along two thirds of the total root
length (grade 3 of Tomes'root). Internally, the main root canal is bifurcated at the
coronal third in a mesiobuccal and distolingual ramifications that continue as two
separated canals till the apex. The transverse sections of the root canals are circular

along their whole length.
The root of the LP4 (Figure 15.6) is relatively straight with a slight distal devia-

tion. It presents a prismatic shape with four longitudinal external grooves (buccal,
mesial, mesiolingual and distal) which start at the second third of the root and get
more pronounced towards the apex. Due to the shallow developmental grooves ob-

served in the root surface, we would classify this tooth as grade 1 of Tomes’root. The
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generalized high level of hypercementosis present in the root of this tooth, as well
as in the rest of ATE9-1 dentition?*! makes it very difficult to describe the external
anatomy of the root. Despite the external demarcation of four radicals, internally
there is a single main root canal with bifurcation at the apical third so we would
classify the LP4 root as 2T. A large pulp chamber with marked constriction at the
floor, where the root canal starts, can be visualized. At the apical third, the root
canal is bifurcated and shows an apical ramification formed by a mesio-buccal and
a disto-lingual canals that disappear and become multiple ramified collateral canals.
At the apex, there is one foramen that could be distinguished from the others due
to its larger diameter. It is located at the mesial part of the apex of the root, and
it could be considered the main foramen of this root canal. The longitudinal section
of the whole root canal is convergent towards the apex. In cross-section, the pulp
chamber has a bucco-lingual ellipsoid shape. The transverse cross-section of the root
canal is rounded. The measurements of the LP4 root are contained in Table 15.1.
At the external apical third of the root of the RP4 (Figure 15.7) we can dis-
tinguish a mesiobuccal and a distolingual radicals separated by a deep distobuccal
groove and a shallow mesiolingual one. The mesiobuccal cone is shorter and flexed.
Despite the deep invagination at this level, the apex of this radical is fused to the
distal radical. We could classify this root as grade 3 of Tomes’root due to the depth
of the cleft. The transverse CT cross-sections reveal that in its external coronal third
the root is prismatic with four slight indentations, one buccal, one distal, one me-
siolingual and a shallower mesial one, similar to the left antimere. Attending to the
CT images and the visual inspection, this root would be classified as 2T. Internally,
the main canal is bifurcated into two canals at the apical third. A mesiobuccal and
a lingual canal can be observed at the root apex. The cross-section of the root canal

is circular throughout the whole length.

241Martinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.
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Figure 15.6: A. Buccal aspect of the LP4, external and internal (virtual filling of the pulp
cavity) views B. Mesial aspect of the LP4, external and internal (virtual filling of the pulp
cavity) views C. MicroCT crosssections of the roots of the LP4 at the cervical, mid-height,
and apical thirds.
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Figure 15.7: Buccal and mesial aspects of RP4 (this picture was taken before the mandible
was restored).
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16 Roots And Root Canals Of
Lower Second Permanent

Premolars

The morphology of the roots and the root canals of the LP4s has been described
in this study as particularly useful for taxonomic differentiation of Pleistocene homi-
nins?42:243. The LP4s also show a higher morphological stability and lower variation in
the external root and root canal morphology in comparison with the LP3244:245,246,
Furthermore, LP4s were the only tooth class available in all the hominin species
analyzed. These were the main reasons why the LP4s were the tooth class chosen for
this study.

16.1. Morphological descriptions, descriptive sta-

tistics and comparisons

It has been suggested that the variation in premolar root number may constitute

a genetic polymorphism linked to phylogenetic differences in Plio-Pleistocene homi-

242Bailey SE, Lynch JM. 2005. Diagnostic differences in mandibular P4 shape between Neander-
tals and anatomically modern humans. Am J Phys Anthropol 126: 268-277.

243Martinén-Torres M, Bastir M, Bermidez de Castro JM, Gémez A, Sarmiento S, Muela A,
Arsuaga JL. 2006. Hominin lower second premolar morphology: evolutionary inferences through
geometric morphometric analysis. J Hum Evol 50: 523-533.

244GQprinz R. 1953. The linking tooth: a rare anomaly of a mandibular premolar. British Dent J
95: 108- 109.

24580ares 1J, Goldberg F. 2002. Endodoncia: técnicas y fundamentos. Ed Panamericana.

246Cohen S. Hargreaves KM. 2008. Pathways of the pulp. Elsevier-Mosby.
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nins?47248 The primitive root form for LP4s found in Australopithecus robustus and
African early Homo ?* is 2R: M + D (mesial and distal roots with two differentiated
canals in each root). This primitive condition presents at least two trends in root
morphology. One trend seems to lead towards root reduction (1 R: one single root
with a single canal), and the other to root elaboration also called 2R: M + D (mesial
and distal roots with one root canal in each root). The LP4s of H. heidelbergensis
, H. neanderthalensis , and H. antecessor (with only few exceptions tackled below)
showed derived root morphologies (1R) with regard to Australopithecus robustus and
African early Homo ?*°.In contrast, ATE9-1 and H. antecessor showed different de-
grees of Tomes’root leading to the complete separation of the roots in the apical
third in the latter. It has been suggested that the Tomes’root in lower second pre-
molars could represent a transitional morphology from a double rooted tooth to the
derived form (1R) as the evolutionary consequence of a struggle to maintain a large
root surface area in spite of a decrease in the number of roots?*!. The roots and
root canals of the two H. antecessor premolars from the Gran Dolina-TD6 sample
used in this study were classified as 2R with MB+DL roots with two (at the coronal
half) and three canals (at the apical third) by bifurcation of the MB plate-like root
(although the latter cannot be confirmed in ATD6-125 as it is fractured in its distal
end). This finding is coincident with the morphology already described by Bermudez
de Castro et al. (1999), which was suggested as possible unique derived condition to

252 Similarly, ATE9-1 canals present a similar type of bifurcation (2R:

this species
MB+DL) although closer to the apex.

Figure 16.1 is based in the mean values obtained for each segment and represents

247 Abbott SA. 1984. A comparative study of tooth root morphology in the great apes, modern
man and early hominids. Ph.D. dissertation. University of London.

248Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

2499Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

250Wood BA, Abbot SA, Uytterschaut H.1988. Analysis of the dental morphology of Plio-
Pleistocene hominids.IV. Mandibular postcanine root morphology. J Anat 156: 107-139.

251GQhields ED. 2005. Mandibular Premolar and Second Molar Root Morphological Variation
in Modern Humans: What Root Number Can Tell Us About Tooth Morphogenesis. Am J Phys
Anthropol 128: 299-311.

252Bermudez de Castro JM, Rosas A, Nicolds ME. 1999. Dental remains from Atapuerca-TD6
(Gran Dolina site, Burgos, Spain). J Hum Evol 37: 523566.
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graphically the root canal morphologies observed in the studied hominin groups.
Although some of the premolars analyzed from the modern human collection and
the H. neanderthalensis collection, showed more than one root canal, they were all
single rooted. In general, all the species with uniradicular premolars, showed some
degree of apical convergence of the root canals at the longitudinal section of the
root of the premolars (Table 14.2). In H. sapiens , there is a clear trend towards
the convergence or narrowing of the root canals from the coronal to the apical third.
However, in H. neanderthalensis and H. heidelbergensis , the convergence of the walls
is small, particularly in the Sima de los Huesos sample where the walls are the most
parallel of all the studied groups (Table 14.2). The similarities found between H.
heidelbergensis from Sima de los Huesos and H. neanderthalensis would be in line

with the similarities found in other dental traits2®3-254,255,256,257

and the proposed
phylogenetic relationship between the Middle Peistocene fossils from Europe and
Neandertals?®®. This morphology is more pronounced in our Sima de los Huesos
sample than in H. neanderthalensis , and could be a reflection of a morphological

particularity of this biological population.

All the specimens showed ellipsoid shapes in their pulp cavities at the CEJ plane
with the exception of the H. heidelbergensis premolars, which had a circular shape.
Following crown formation, epithelial cells continue to proliferate to the tooth apex
and produce a tubular sheath known as Hertwig’s epithelial root sheath (HERS)

from which horizontal processes start to develop?. Root structure (single or multi-

253Bermudez de Castro JM. 1987. Morfologia comparada de los dientes humanos fésiles de Ibeas
(Sierra de Atapuerca, Burgos). Estudios Geoldgicos 43, 309333.

254Bermiidez de Castro JM. 1988. Dental remains from Atapuerca/Ibeas (Spain) II. Morphology.
J Hum Evol 17: 279-304.

255Bermtidez de Castro JM. 1993. The Atapuerca dental remains. New evidence (1987-1991 ex-
cavations) and interpretations. J Hum Evol 24: 339-371.

256 Martinén-Torres M. 2006. Evolucién del aparato dental en hominidos: estudio de los dientes
humanos del Pleistoceno de Sierra de Atapuerca, Burgos. Tesis doctoral. Universidad of Santiago
de Compostela.

257Martinén-Torres M, Bastir M, Bermidez de Castro JM, Gémez A, Sarmiento S, Muela A,
Arsuaga JL. 2006. Hominin lower second premolar morphology: evolutionary inferences through
geometric morphometric analysis. J Hum Evol 50: 523-533.

258 Arsuaga JL. Martinez I, Gracia A, Lorenzo C. 1997b. The Sima de los Huesos crania (Sierra
de Atapuerca, Spain). J Hum Evol 33: 219-281.

259Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens . J Hum Evol 59: 525-41.



116 Discussion

ATE9-1 H. sapiens  H. neanderthalensis H. heidelbergensis
-~ CEJ Plane

rrrrrrr Mid-root Plane

,,,,,,,,, Mid-apex Plane

Figure 16.1: Schematic diagrams of the area of the radicular canal at the three planes of
section recorded in this study; these data are based on the mean values recorded for each
species. The width of the line at the top of each diagram represents the area of pulp in
the CEJ plane of section; this has been standardized to be equal in all the species for the
purposes of this diagram. The lines below the CEJ plane represent the area of the radicular
canal at MR and MA planes relative to the area of pulp at the CEJ plane. Interspecies
differences are apparent in the rate of convergence of the walls surrounding the radicular
canals toward the root apex; H. heidelbergensis shows the most parallel walls of the pulp
cavity.

rooted) is determined by the shape and folding of this sheath?®. Deviations in the
invagination process lead to variations in root morphologies and number?6!:262, The
lack of convergence of the root canal walls and the circular shape of the CEJ pla-
ne, together with the measurements of the root canal volume and surface presented
in table 14.2, are traits related to the presence of very wide root canals in the H.
heidelbergensis premolars. This might be related to the length of H. heidelbergensis
roots, which were the longest on average of the entire sample (Table 14.2). As Ko-
vacs (1971) stated, the length of the root depends on the rate at which the Hertwig’s

epithelial root sheath narrows?%®. The lack of convergence of the root canal walls in

260K ovacs I. 1971. A systematic description of dental roots. In: Dahlberg AA (Ed). Dental morp-
hology and evolution. The University of Chicago Press, Chicago and London.

261Wright T. 2007. The Molecular Control of and Clinical Variations in Root Formation. Cells
Tissues Organs 186: 8693.

262Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens . J Hum Evol 59: 525-41.

263Kovacs 1. 1971. A systematic description of dental roots. In: Dahlberg AA (Ed). Dental morp-
hology and evolution. The University of Chicago Press, Chicago and London.
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H. neanderthalensis and particularly in our Sima de los Huesos sample could be a
consequence of the same mechanism that is responsible of the taurodontism typically
observed in the molars of these groups?%42%5. In taurodont molars, the invagination
of the interradicular processes is delayed or disrupted and the furcation of the roots
is displaced towards the apex, resulting in an enlarged pulp cavity and lack of cons-
triction?%®. The same process might be reflected in the LP4 of these two groups.
Regarding ATE9-1, its narrower root canal in comparison to that of H. heidelber-
gensis and H. neanderthalensis (Figures 14.6 and 16.1) may be reflecting that a root
canal convergent to the apex is the primitive condition. However, we cannot discard
that the morphology of ATE9-1 root canal could be the result of post-mortem depo-
sited matrix and secondary dentine that is physiologically deposited through the life
of the subjects?6”. The small diameter of the canal could be also explained by pulp
canal obliteration (also called calcific metamorphosis). This condition is characterized
by the deposition of hard tissue within the root canal space. The pulp canal oblite-
ration is sequelae of tooth trauma which is developed more often in teeth following
concussion and subluxation injuries?®®. The mechanism of canal obliteration is still
unknown, it could be related to damage to the neurovascular supply of the pulp at
the time of injury?%%27, Indeed, as Martinén-Torres et al., 2011 suggest, Sima del
Elefante mandible to which this tooth belongs to, present several pathological signs

271

related to heavy and even traumatic masticatory habits**. More specimens are nee-

264Bermidez de Castro JM, Martinén-Torres M, Sarmiento S, Lozano M. 2003. Gran Dolina-
TD6 versus Sima de los Huesos dental samples from Atapuerca: evidence of discontinuity in the
European Pleistocene populations? J Archaeol Sci 30: 1421-1428.

265Kupczik K, Hublin JJ. 2010. Mandibular molar root morphology in Neanderthals and -late
Pleistocene recent Homo sapiens . J Hum Evol 59: 525-41.

266 Jaspers MT, Witkop C. 1980. Taurodontism, an isolated trait associated with syndromes and
X-chromosomal aneuploidy. Am J Hum Genet 32: 396-413.

267Benzer S. 1948. The development and morphology of physiological secondary dentin. J Dent
Res 27: 640-646.

268 Qginni AO, Adekoya-Sofowora CA. 2007. Pulpal sequelae after trauma to anterior teeth among
adult Nigerian dental patients. BMC Oral Health 7: 115.

269Yaacob HB, Hamid JA. 1986. Pulpal calcification in primary teeth: a light microscopy study.
J Pedod 10: 25464.

2T0Robertson A. 1998. A retrospective evaluation of patients with uncomplicated crown fractures
and luxation injuries. Dent Traumatol 14: 24556.

27 Martinén-Torres M, Martin-Francés L, Gracia A, Olejniczak A, Prado-Simén L, Gémez-Robles
A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
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ded in order to establish the polarity of this trait. The Sima de los Huesos and San
Pablo lower second premolar roots and root canals revealed a clear morphological
homogeneity. The Sima de los Huesos premolars have a single root, with a single and
wide root canal without ramifications. They all show a circular external and internal
CEJ planes and a slight apical convergence. Previous studies 27%:273,274,275,276,277 ) aye
shown that there is a correlation between biological distances and dental morpho-
logy and that this relationship can be used to determine the degree of relatedness
among populations. All the human fossils from the Sima de los Huesos site were re-
covered from the same breccia unit, which consisted of clay-supported bones, blocks
and clasts. The relative morphological homogeneity of the H. heidelbergensis LP4
in both roots and root canals and the fact that all the individuals were deposited

278

during the same sedimentation episode®® supports the notion that they belong to

the same biological population?7?:280,281
The roots of the H. neanderthalensis premolars are shorter and wider on average

than those of H. heidelbergensis which were the longest on average of the whole

pathological study. J Hum Evol 61: 1-11.

272Dahlberg A. 1951. The dentition of the American Indian. in Papers on the Physical Anthro-
pology of the American Indian. New York: Viking Fund.

273Gofaer JA, Niswander JD, Maclean CJ, Workman PL.1972. Population studies on southwestern
Indian tribes. V. Tooth morphology as an indicator of biological distance. Am J Phys Anthropol
37: 357-366.

2T Turner CG II. 1986. Dendrochronological separation estimates for Pacific Rim populations.
Science 23 1140-1142.

27 Turner CG II. 1989. Late Pleistocene and Holocene population history of East Asia based on
dental variation. Am J Phys Anthropol 73: 305-321.

276Turner CG II. 1990. Major Features of Sundadonty and Sinodonty, including Suggestions about
East Asian Microevolution, Population History, and Late Pleistocene Relationships with Australian
Aboriginals. Am Phys Anthropol 82: 295-317.

277Griffin M. 1993. Morphological Variation of the Late Precontact and Contact Period Guale.
Ph.D. dissertation. Purdue University.

278Bischoff JL, Fitzpatrick JA, Leén L, Arsuaga JL, Falgueres C, Bahain JJ, Bullen T. 1997.
Geology and preliminary dating of the hominid-bearing sedimentary fill of the Sima de los Huesos
Chamber, Cueva Mayor of the Sierra de Atapuerca, Burgos, Spain. J Hum Evol 33: 129-154.

279 Arsuaga JL, Carretero JM, Gracia A, Martinez I. 1990. Taphonomical analysis of the human
sample from the sima de los huesos midle pleistocene site (Atapuerca/Ibeas Spain). Hum Evol 39:
179-185.

280Bermiidez de Castro JM. 1993. The Atapuerca dental remains. New evidence (1987-1991 ex-
cavations) and interpretations. J Hum Evol 24: 339-371.

281Rosas A. 1992. Ontogenia y filogenia de la mandibula en la evolucién de los hominidos. Apli-
cacién de un modelo de morfogénesis a las mandibulas fésiles de Atapuerca. PhD dissertation.
Universidad Complutense, Madrid.
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sample (Table 14.2). This is the reason why although H. heidelbergensis showed a
higher average root volume, the areas of the planes of the root and the external root
surface were higher on average in H. neanderthalensis .

The lack of significant differences observed between the measurements taken in H.
heidelbergensis and H. neanderthalensis supports the theory of a close phylogenetic
relationship between the hominins of Atapuerca-Sima de los Huesos and the late

Pleistocene classic Neanderthalg?82,283,284,285,286,287

16.2. Intra and Inter-specific comparisons

In this study, the LP4s analyzed were divided by category of wear and compa-
risons of different wear categories of the same species were performed to test the
effect of the tooth’s functional age and the secondary dentine deposition on the sha-
pe and volume of the root canals y during time. Dentine constitutes the bulk of the
tooth, it conforms the main part of its volume?*®:2%?, The dentine and the pulp have
a common embryological origin (ectomesenchymal) and they form a structural and

functional unit, the dentino-pulp complex?®. Dentine and pulp are considered as one

282 Arsuaga JL, Martinez I, Gracia A, Carretero JM, Carbonell E. 1993. Three new human skulls
from the Sima de los Huesos Middle Pleistocene site in Sierra de Atapuerca, Spain. Nature 362:
534-537.

283 Arsuaga JL. Martinez I, Gracia A, Lorenzo C. 1997b. The Sima de los Huesos crania (Sierra
de Atapuerca, Spain). J Hum Evol 33: 219-281.

284Bermuidez de Castro JM. 1993. The Atapuerca dental remains. New evidence (1987-1991 ex-
cavations) and interpretations. J Hum Evol 24: 339-371.

285 Martinén-Torres M. 2006. Evolucién del aparato dental en hominidos: estudio de los dientes
humanos del Pleistoceno de Sierra de Atapuerca, Burgos. Tesis doctoral. Universidad of Santiago
de Compostela.
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JL. 2008. Geometric morphometric analysis of the crown morphology of the lower first premolar on
hominins, with special attention to Pleistocene Homo . J Hum Evol 55: 627-638.
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A, Lapresa M, Carbonell E, Arsuaga JL, Bermidez de Castro JM. 2011b. The Early Pleistocene
human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.
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ricana.
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structure: when dentine grows, the pulp cavity gets smaller. This makes it impossible
to ignore the effects of the secondary dentine growth when studying the pulp cavity.
Primary dentine is deposited from the start of dentinogenesis until the root apex is
closed and it constitutes the major part of the whole dentine delimiting the pulp

h?%!. Secondary dentine is deposited at a lower rate than primary

cavity of the teet
dentine and its production is continuous during the complete life of the tooth. After
the completion of the root apex, the secondary dentine is deposited in the walls of
the pulp cavity producing a reduction of this structure?¥?:23. Secondary dentine has
a tubular structure, although less regular, is for the most part continuous with that
of the primary dentine. The ratio of mineral to organic material is the same as for

294

primary dentine“”*. This could be the reasons why the limit between the two types

of dentine could not be observed in the microCT images of our study.

The category of wear has been related to the functional age of the tooth in this
study. The category of wear is related with the time that the tooth has been into
occlusion, this event is related to the closure of the root apex and the beginning
of the deposition of the secondary dentine. When a category of wear higher than
1 is present, it can be concluded than some degree of secondary dentine deposition
has to be present, and the impact or lack of impact of this factor had to be tested
before taking the measurements of the root canals by the intra-specific analyses. The
significant intra-specific differences found when comparing categories of wear 2 and
3 with category 4 in H. sapiens showed that the deposition of the secondary dentine
with time had important effects in the shape and measurements of the root canals in
modern humans. This fact shows that comparisons of the root canals of teeth with a
category of wear higher than 3 are not reliable for taxonomical purposes, this is the
reason why it was decided to exclude from the inter-specific analyses the premolars
with category of wear higher than 3. The significant differences in the measurements
of premolars with category of wear 4 were mainly observed in section A, the closest

to the pulp chamber, which could suggest that this section is more affected than the

291Gémez ME, Campos A. 2004. Histologia y embriologia bucodental. Editorial médica Paname-
ricana.
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apical sections by the continuous deposition of secondary dentine on the pulp cavity
walls.

As no significant differences were observed between categories of wear 2 and 3
in any of the intra-specific comparisons (H. sapiens and H. heidelbergensis ), the
teeth were not separated by category of wear for latter inter-specific comparisons.
The analysis of the results presented in this study shows that the method propo-
sed here could be valid for a taxonomic differentiation between H. sapiens and H.
heidelbergensis looking just at the root of LP4s with a wear category lower than

295 The proportions between all the 2D and 3D measurements of the root and

four
the root canals of section B and the planes defining it (Figure 12.3) showed signifi-
cant differences when comparing LP4s of H. sapiens and H. heidelbergensis (Table
14.3), Figure 14.7). These results suggest that Section B, located between the MR
plane and the MA plane could represent an important taxonomic indicator. Only
by taking measurements of this segment, it would be possible to make a taxonomic
differentiation between H. sapiens and H. heidelbergensis . Future studies with larger
samples and different tooth positions will be needed to corroborate this finding.

The root measurements taken from the ATE9-1 specimen were not included in
the discussion of the results of the measurement comparisons due to the small sample
available (only one specimen) and the high degree of hypercementosis observed at the
apical thirds of the root that would have distorted the results 2. No hypercementosis
was observed in the rest of the premolar’s roots.

In summary, it has been found that the root morphologies identified in the H.
antecessor sample from Gran Dolina-TD6 (2R: MB+DL with at least two [MB and
DL] in ATD6-125 and three [B+M+DL] canals in ATD6-4) and the ATE9-1 specimen
from Sima del Elefante (2T with a MB and DL canal) could suggest transitional root
morphologies from the primitive conformations found in Australopithecus robustus
and African early Homo (2R: M+B with two root canals in each root) to the derived

condition of later Homo species (1R). H. heidelbergensis and H. neanderthalensis
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pathological study. J Hum Evol 61: 1-11.
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premolars showed small convergence of their root canals, but this tendency was
highly marked in H. heidelbergensis premolars with very parallel walls, which could
be a reflection of a morphological particularity of its biological population which
showed very characteristic features in its root canals. Apart from the minimal apical
convergence of the root canal walls, all the Sima de los Huesos specimens showed a
circular shape of the pulp canal at the CEJ plane, whereas in the remaining groups
the section was ellipsoid. These features correspond to long roots and wide root canals
and could be related to the taurodontism observed in H. heidelbergensis molars. The
morphological analyses of the root canals showed an important homogeneity in the
Sima de los Huesos sample supporting the fact that they represent the same biological
population. This study was performed with small sample sizes and one tooth position
to test the validity of the method proposed, future studies with larger sample sizes
and different tooth positions will be needed to corroborate these findings. In addition,
our analysis found that tooth wear categories should be considered when measuring
the root canals, as it creates significant intra-specific differences with wear categories
higher than three. We have demonstrated that the method presented is valid for
a taxonomic differentiation of H. heidelbergensis and H. sapiens by measuring a
small and specific section of the root. This finding could be useful in making or
supporting taxonomic assessments of teeth with broken crowns. Future studies with
larger samples and different tooth positions will be needed to corroborate these

findings.



17 Roots and the root canals of
ATE9-1

The root surfaces of all of the teeth in ATEO9-1 exhibit an irregular thickening and
rough surface due to abnormal cementum deposition particularly affecting the apical
third?"7. The excessive proliferation of cementum beyond the physiologic limits of

298,299,300 and leads to the abnormal thickness

the tooth is called hypercementosis
of the root, predominantly near the apex which becomes rounder in shape°!. The
generalized hypercementosis observed in ATE9-1 prevents a proper assessment of the

root external morphology and obliges to be cautious when recording measurements.
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In previous assessments of the Sima del Elefante mandible30%:393:304 5 different
classification of the mandibular teeth was sugested. LC (in this study) was identified
as a LP3, and vice-versa. After the analysis of the morphology of the roots and the
root canals of ATE9-1 the classification of the teeth was reconsidered due to several
reasons. Thanks to the acquisition of CT transversal sections of the tooth it was
possible to assess that thebuccal surface of the preserved crown of the LP3 (Figure
15.5-C) was too rounded to be a canine. Buccal surfaces in lower premolars tend
to be more semicircular395-306,307
as a LP3 in this study (Figure 15.5-C) and that it is similar to the buccal outline
of the LP4 (Figure 15.6-C). With this new classification, the transversal sections
of the LP3 (Figure 15.5-C) and the RP3 (Figure 15.1) are highly coincident. This

fact discards previous statements about strong asymmetry between antimeres3%®.

, as it is the case of the root fragment designated

Although LC would still present a grade 1 of Tomes’root while this trait is absent
in the RC. Interestingly, the root morphology of ATE9-1 P3s is now identical to the
root morphology described for H. antecessor P3s, and that was suggested as possibly

apomorphic for this species3"?.
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The existence of an abscess in the LC alveolus®!? has remodelled the distal wall of
the socket, creating a space between the tooth and the socket and making relatively
good fitting of both pieces in the same socket. Finally, and under this new possibility,
we have noted that there is a good fitting between the mesial interproximal facet of
the LP4 and the small preserved portion of the distal interproximal facet of the LP3.

ATE9-1 roots present relatively complex external and internal root systems. The-
re is neither a general nor straightforward correspondence between the external root
morphology and the root canal’s morphology. From the early studies of Hess and
Ziircher (1925)?" on modern human samples, the anatomical complexity of root ca-
nals is becoming increasingly documented3!?-313:314 Tt is known that a root with a
single conical canal with a single apical foramen is not the typical morphology rather
it is exception3!%:316 The frequency of multiple foramina, accessory canals and other
anatomical variations in root canals demonstrates that such morphology is so fre-
quent that it must be considered the normal anatomical condition®'?. With a normal
degree of variability, particularly in "minor variants”such as the number of foramina
or the accessory canals, most teeth are expected to show a somewhat consistent pat-
tern in their root canal morphologies®'®. Looking at the teeth of ATE9-1, we can see
examples of a high morphological degree of internal-external variation with lack of
concordance between the number of radicals and root canals (see Table 13.1). This
is the case of LI2 (1R with two separated canals from the coronal third, see Figure

15.1, LP3 (2T that shows two clearly separated canals from the coronal third, see
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Figure 15.5 and RP3 (2T with two clearly separated canal from the coronal third,
see Figure 15.1.

The external surfaces of the roots are affected by the environmental and indivi-
dual’s life conditions. The generalized hypercementosis of all the ATE9-1 teeth has
been related to excessive movement of the tooth within the socket in a first sta-
ge and/or to a high compensatory eruption rate due to a lack of proper opposing
teeth®'?. Nevertheless, the root canals are more stable and not so affected by exter-
nal factors. This is why, in our opinion, the morphology of the root canals is more
reliable in this case and complementary to the external root morphology, especially
in the case of ATE9-1 where a high degree of hypercementosis is present.

In summary, it has been demonstrated that in cases where a high degree of
destruction and hypercementosis are present in a fossil, the apparent external morp-
hology of the roots can be highly confusing. In these cases, tomographic and mi-
crotomographic techniques are fundamental to get a sound idea of the external and
internal morphology of the teeth and to get an important amount of biological infor-
mation that otherwise would have been unavailable. A new classification of two of the
ATE9-1 teeth was performed relying on the tomographic and microtomographic ima-
ges and the analysis of the original fossil. Classically, we have relied on the external
identification of roots and radicals to characterize hominins and assess their phyloge-
netic proximity /distance (e.g., Scott and Turner, 1997; Irish and Guatelli- Steinberg,
2003). In this study it has been demonstrated that the internal root anatomy could

be used as a complementary source of biological information.
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human mandible from Sima del Elefante (TE) cave site in Sierra de Atapuerca (Spain): A paleo-
pathological study. J Hum Evol 61: 1-11.



Conclusions

127






Conclusions 129

. The root morphologies identified in the lower second premolars of the H. an-
tecessor sample from Gran Dolina-TD6 and the ATE9-1 specimen from Sima
del Elefante could suggest transitional root morphologies from the primitive
conformations found in Australopithecus robustus and African early Homo to

the derived condition of later Homo species.

. In the lower second premolars of H. sapiens, there is a clear trend towards
the convergence or narrowing of the root canals from the coronal to the apical
third. However, in H. neanderthalensis and H. heidelbergensis, the convergence
of the walls is small, particularly in the Sima de los Huesos sample where the

walls are the most parallel of all the studied groups.

. The morphological similarities found in H. heidelbergensis from Sima de los
Huesos and H. neanderthalensis lower second premolar roots and root canals
would be in line with the similarities found in other dental traits and the
proposed phylogenetic relationship between the Middle Peistocene fossils from
Europe and Neandertals. This morphology is more pronounced in our Sima de
los Huesos sample than in H. neanderthalensis, it constitutes a reflection of a

morphological particularity of this biological population.

. The lack of significant differences observed between the measurements taken
in H. heidelbergensis and H. neanderthalensis lower second premolar roots and
root canals supports the theory of a close phylogenetic relationship between
the hominins of Atapuerca-Sima de los Huesos and the late Pleistocene classic
Neanderthals.

. ATE9-1 roots present a high degree of hypercementosis, the traditional visual
analysis of the root morphology could be highly confusing. The morphology
of the root canals and the analysis of the external morphology by means of

microtomography are necessary in this case.

. ATE9-1 roots present relatively complex external and internal root systems.
Looking at the teeth of ATE9-1. Cases of a high morphological degree of
internal-external variation with lack of concordance between the number of

radicals and root canals can be observed.
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ABSTRACT The aim of this study is to describe
the morphology of the roots and root canals of perma-
nent lower second premolars (LP4s) with fully devel-
oped roots of five hominin groups: Homo sp. (ATE9-1
specimen) from Atapuerca-Sima del Elefante locality,
H. antecessor (ATD6-4 and ATD6-125) from Ata-
puerca-Gran Dolina TD6 locality, H. heidelbergensis
from Atapuerca-Sima de los Huesos locality, H. nean-
derthalensis from Krapina, Regourdou, and Abri Bour-
geois-Delaunay localities, and two contemporary
H. sapiens groups. The teeth were scanned by means
of microtomography. The roots were divided into three
virtual segments by three planes: cemento-enamel
junction (CEJ), mid-root (MR), and mid-apex (MA).
Volumetric and planar direct measurements of the
whole teeth and each segment were taken. Descriptive
statistical analyses and nonparametric Mann-Whiney

Due to their durability relative to other hard tissues,
dental elements have a greater chance of fossilizing.
Teeth therefore constitute the majority of fossil hominid
collections (e.g., Hillson, 1996). The development, thick-
ness, and external morphological details of hominoid and
hominin teeth have been extensively studied over the
last century. Our understanding of the diet, life history,
and phylogenetic relationships of fossil hominin species
has been largely based on studies quantifying enamel
thickness (e.g., Kay, 1981; Martin, 1985), tooth micro-
wear and microtexture (e.g., Scott et al., 2005), enamel-
dentine junction shape (e.g., Korenhof, 1961; Skinner
et al., 2008, 2009; Bailey et al., 2011), tooth roots (e.g.,
Abbot, 1984; Wood et al., 1988; Kupczik and Hublin,
2010) and the incremental development of these dental
tissues (e.g., Dean et al., 2001; Lacruz and Bromage,
2006; Smith et al., 2007).

The space inside the dentine containing the pulp (vas-
cular and nervous tissues) is known as the pulp cavity,
while the canals of the pulp cavity that are inside the
roots are known as the root canals. This system serves
as a conduit for the vascular and nervous tissues
(Wright, 2007), and its contour reflects, in general, the
external contour of the tooth (Cohen and Hargreaves,
2008). The pulp cavity has received little attention in
paleoanthropology. Although some aspects of morphology

©2012 WILEY PERIODICALS, INC.

root canal; microtomography; hominin taxonomy; LP4; Atapuerca

test were performed to test for significant differences
(P < 0.025) between groups. ATE9-1 and Gran Dolina-
TD6 fossils present intricate radicular complexes that
might be transitional between the morphologies of
Australopithecus robustus and African early Homo and
the derived conditions typically found in later Homo.
In H. neanderthalensis and H. heidelbergensis, the
root canals are wide, with small apical convergence.
This trait is particularly pronounced in the Sima de
los Huesos sample which may reflect a particularity of
this population. Our study demonstrates the potential
of hominin roots and root canals as untapped sources
of taxonomic information when the tooth crown is frag-
mented. Future studies, including more fossil speci-
mens and species will shed light in the polarity of the
morphologies observed. Am J Phys Anthropol 000:000-
000, 2012. ©2012 Wiley Periodicals, Inc.

related to the morphology of this internal space (e.g.,
taurodontism) are often discussed (e.g., Harvati et al.,
2003; Rosas et al., 2006), and some studies of the three-
dimensional hominin pulp cavity proportions have been
performed (e.g., Bayle et al., 2009a,b, 2010; Kupczik and
Hublin, 2010), the pulp cavity has been largely over-
looked by paleoanthropological scholars. In paleoanthro-
pological studies, the main reason for the analysis of the
pulp cavity has been the assessment of taurodontism
(e.g., Trinkaus, 1978; Harvati et al., 2003; Rosas et al.,
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TABLE 1. Hominin lower second premolar with completely developed roots

Species Origin Sample n Wear (Molnar, 1971)
Homo sp. Sima del Elefante Total® 1 4(n=1
H. antecessor Gran Dolina TD6 Total® 2 1(n=2)
H. heidelbergensis Sima de los Huesos Total® 14 2(n="7T)
3(n="17
Subsample® 7 2(n =4)
3(n=23)
H. neanderthalensis Krapina Total® 5 2(n=4)
3(n=1)
Subsample® 2 2((n=2)
Regourdou Total® and Subsample® 1 2(n=1)
Bourgeois-Delaunay Total® and Subsample® 2 2((n=2)
H. sapiens San Pablo collection Total® and Subsample® 18 2 (n =11)
3(n =4)
4(n=3)
CENIEH dental collection Total® and Subsampleb 5 2((n =3)
3(n=1)
4(n=1)

# The total sample was composed by all the hominin premolars with completely developed roots.
> The subsample was formed by premolars with roots in perfect state of preservation (with no cracks or imperfections). This sample

was used for the whole root quantitative measurements.

2006). It is still unknown whether quantification of the
shape and size of this internal space is useful for homi-
nin taxonomy.

The morphology of mandibular premolars has been
proved to be taxonomically diagnostic among hominin
taxa (Ludwig, 1957; Patte, 1962; Biggerstaff, 1969; Wood
and Uytterschaut, 1987; Uytterschaut and Wood, 1989;
Bailey, 2002a,b; Bailey and Lynch, 2005; Martinén-
Torres et al., 2006; Gémez-Robles et al., 2008). In partic-
ular, the morphology of the lower second premolar (LP4)
has been described as useful for taxonomic differentia-
tion of Pleistocene hominins (e.g., Bailey and Lynch,
2005; Martinon-Torres et al., 2006). LP4s have been cho-
sen for this study because of their higher morphological
stability and lower variation in the external root and
root canal morphology in comparison with the LP3 (e.g.,
Sprinz, 1953; Soares and Goldberg, 2002; Cohen and
Hargreaves, 2008). Furthermore, LP4s were the only
tooth class available in all the hominin species analyzed
and will potentially allow us to identify morphological
trends among related lineages.

The wunique ability of microcomputed tomography
(micro-CT) to accurately visualize internal dental struc-
tures through the nondestructive production of virtual
planes of sections and three-dimensional renderings
facilitates the preservation of valuable fossil and mu-
seum collections that are otherwise unavailable for de-
structive sampling (e.g., Kono, 2004; Tafforeau, 2004;
Olejniczak and Grine, 2006).

The aim of the present study is to describe the mor-
phology of the roots and root canal system of lower per-
manent second premolars (LP4) of some fossil and mod-
ern specimens such as the Atapuerca-Sima del Elefante
specimen attributed to Homo sp., some specimens
recovered from the Gran Dolina-TD6 level of Atapuerca
assigned to H. antecessor, several LP4s from the Sima
de los Huesos (SH) site (Sierra de Atapuerca) assigned
to H. heidelbergensis, a sample of H. neanderthalensis
specimens recovered from different European localities
and a sample of modern H. sapiens, using an accurate
and nondestructive method based on microtomographic
imaging and investigate possible taxonomic features. If
the roots and root canals of LP4s prove to have species-
specific morphological features that could be used as

American Jowrnal of Physical Anthropology

taxonomic indicators, future studies should address the
reconstruction and comparison of the pulp cavity of
other tooth positions and a larger range of taxa. Ulti-
mately, this would support taxonomic assessments and
improve taxonomic resolution in cases where only
worn, broken, isolated dental remains are available for
study.

MATERIALS AND METHODS
Materials

Lower second premolars from four fossil hominin
groups and two modern human populations were used in
this study (Table 1). The ATE9-1 specimen from Sima
del Elefante (Carbonell et al., 2008), recently classified
as Homo sp. (Bermudez de Castro et al., 2011), and the
specimens ATD6-4 and ATD6-125 attributed to H. ante-
cessor from Gran Dolina-TD6 level (Bermudez de Castro
et al., 2008) are the only dental remains available so far
for the early Pleistocene in the European continent (Ber-
mudez de Castro et al., 2004, 2011; Carbonell et al.,
2008). Furthermore, the study includes 14 specimens
assigned to H. heidelbergensis recovered from the Sima
de los Huesos locality (Bermudez de Castro 1988, 1993;
Arsuaga et al., 1993, 1997; Bermudez de Castro and Nic-
olas, 1995) which provided the largest hominin collection
world wide for the Middle Pleistocene. We have also
included eight H. neanderthalensis specimens from Kra-
pina (Monge et al., 2008), Regourdou (Vandermeersch
and Trinkaus, 1994; Maureille et al., 2001), and Abri
Bourgeois-Delaunay (Condemi, 2001; Macchiarelli et al.,
2006). Finally, we have included in the sample two H.
sapiens samples, a medieval modern human collection
from the site of San Pablo (Burgos, Spain), and the CEN-
IEH’s dental collection, composed of clinically extracted
teeth from patients of known age and sex, representing
a modern Spanish population (Table 1).

Methods

Exclusion criteria. An exhaustive selection of LP4s
was carried out. Only permanent teeth with completely
developed roots were included in the study. All the
premolars of the sample that fulfilled this requirement
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Fig. 1. A: Diagram showing the two-dimensional planes of section and the three-dimensional root sections studied here. The
cemento-enamel junction (CEJ) plane is defined as the best-fit plane through the CEJ, determined in three dimensions (see text).
The midroot plane is parallel to the CEJ plane, and is located at the midpoint of the CEJ plane and the root apex. The midapex
plane is also parallel to the CEJ plane, and is located midway between the midroot plane and the root apex. These three-dimen-
sional root sections contained between the planes are named “section A” (between the CEJ plane and the mid-root plane), “Section
B” (between the mid-root plane and the mid-apex plane), and “section C” (between the midapex plane and the root apex). B: The
diagrams show a schematic representation of the CEJ plane (upper left), in which the root hard tissues (gold) and the pulp cavity
(red) are distinguished. The measurement of the total area of the planes is depicted at the center of the top row (the gray area; this
measurement includes the area of the contained root canal). The measurement of the area of the root canal is depicted in gray in
the upper right figure. The figures in the bottom row show a representation of volumetric root section A, in which the hard tissues
(semitranslucent gold) are distinguished from the root canal (red).

Homo. sp H. sapiens H. neanderthalensis H. heidelbergensis

ATE9-1 SP-1350-13 Kdr 30 AT 1350

Fig. 2. Three-dimensional models of the buccal orientation of the representative lower second premolars of the four species stud-
ied here; the teeth are not depicted to scale, the pulp cavities have been made to be of uniform height for ease of interpretation. Dif-
ferences in the morphology of the root canal are apparent between species. The marked convergence of the H. sapiens root canal
walls contrasts with the less pronounced convergence of the H. heidelbergensis root canal walls.

comprised the study sample, which was used for qualita- roots in a perfect state of preservation (with no cracks or
tive descriptions of the roots and pulp cavity and for imperfections) was selected for quantitative measure-
quantitative measurements of the cemento-enamel junc- ments of the whole root and root canals. The species,
tion plane (CEJ plane). A subsample of premolars with paleoanthropological sites, total sample and subsample
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TABLE 2. Description of the measurements taken for the study

Measurements Acronym
Root Total Length of the root in mm Totlength
Surface area of the entire root in mm? Totsf
Volume of the entire root in mm?® Totvol
Root sections Surfacg area of each three-dimensional root section Sf A, B, and C
in mm
Volume of each three-dimensional root section in mm?® Vol A, B, and C
Two-dimensional Total cross-sectional area of the two-dimensional plane AreaCEdJ, MR, and MA
planes in mm?
Root can als  Total Surface area of the entire pulp cavity of the root in mm? Totpulpsf
Volume of the entire pulp cavity of the root in mm? Totpulpvol

Root sections
root section in mm?

Volume of the pulp cavity in each three-dimensional

root section in mm?®
Two-dimensional planes

Surface area of the pulp cavity in each three-dimensional

Total cross-sectional area of the pulp cavity contained in

PulpsfA, B, and C
PulpvolA, B, and C

PulpareaCEJ, MR, and MA

the two-dimensional plane in mm

sizes as well as the category of wear of each tooth are
presented in Table 1.

The category of wear for each tooth was determined fol-
lowing Molnar’s (1971) method. This method has eight cat-
egories of wear sorted by tooth type (incisors, premolars,
and molars). Category 1 corresponds to unworn crowns,
while Category 8 represents roots functioning as occlusal
surfaces due to the complete wear of the dental crown.

Microtomographic protocol. With the exception of the
H. neanderthalensis premolars, all the teeth were
scanned with a Scanco microtomographic system housed
at the National Research Centre for Human Evolution in
Burgos, Spain (uCT 80, Scanco Medical, Switzerland)
using the following settings for each scan: voltage = 70
kV, amperage = 140 mA, angular increment = 0.72°,
and resultant isometric voxel size = 36 um?® (except the
ATE9-1 from the Sima del Elefante locality which was
scanned with a resultant isometric voxel size of 20 um?).
Microtomographic scans of the H. neanderthalensis pre-
molars were obtained from the NESPOS database (avail-
able at: https:/nesposlive01.pxpgroup.com), which makes
micro-CT scans available to members. These scans have
isometric voxel sizes ranging between 20 and 45 pm?®.
The premolars obtained from Regourdou and Abri
Bourgeous Delaunay localities were scanned with the
European Synchrotron Radiation Facility, Beamline ID
17, Grenoble, France.

Imaging processing. This study produced both two-
dimensional planes and three-dimensional sections of
the tooth roots (see Fig. 1). Images resulting from micro-
CT scanning were cropped three-dimensionally with the
Imaged software package (NIH) to eliminate background
space and reduce the file size. The images were then re-
oriented with the Voxblast 3D software (Vaytek, Inc.) to
ensure the selection of homologous planes. These images
were then imported into the MIMICS 13.1 software
package (Materialise). The root and the crown of the pre-
molars were separated for the measurements at the CEJ
plane and only the root and the root canals were used
for the study. The root was divided into three segments
based on Kvaal et al. (1995) with some modifications.
The cementoenamel junction plane (CEJ) was located fol-
lowing Olejniczak (2006). Next, the mid-root plane (MR),
equivalent to Kvaal’s section “C,” was defined as parallel
to CEJ and midway between CEJ and the root apex.
Finally, the midapex plane (MA), which is also parallel
to the CEJ and MR planes, was defined at the midpoint
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of the MR plane and the root apex (see Fig. 1). For
clarity in the following sections, the three-dimensional
root sections contained between each of the planes
defined above have been named as follows:

1. 3D root section A is the volume contained between
CEJ and MR.

2. 3D root section B is the volume contained between
MR and MA.

3. 3D root section C is the volume contained between
MA and the root apex.

Two-dimensional and three-dimensional direct meas-
urements were recorded for each of the teeth scanned
(Table 2). The direct measurements were taken to obtain
the absolute values of the size (volume, surface area) of
the root and root canals in all planes and sections. When
two root canals were present in one of the three planes,
the sum of the measurements of both canals was taken.

Qualitative morphological descriptions. The roots of
the LP4s of the whole sample were described using
Wood et al. (1988) categories and the pulp cavities were
described following the detailed description found in
Canalda and Brau (2006).

Descriptive statistical analyses. Basic descriptive sta-
tistical analyses were applied to the sample (CEJ plane
measurements) and the subsample (whole root and root
canal measurements) organized by species where the mean
and standard deviation were calculated (Tables 3 and 4).

Interspecific comparisons. Comparisons between the
two-dimensional and three-dimensional direct measure-
ments were applied to the subsamples of H. heidelber-
gensis, H. neanderthalensis, and H. sapiens. Nonpara-
metric Mann-Whitney test was used for the comparisons
to test for significant differences (P < 0.025) between the
variables. Species was used as the grouping variable
(Tables 3 and 4). All the statistical analyses performed
were done using PASW Statistics 18 software (SPSS
Science, Inc.).

RESULTS

Qualitative morphological descriptions and
comparisons

A three-dimensional rendering model of the whole tooth
and the pulp cavity of an LP4 for each of the species stud-



ATAPUERCA HOMININ 3D ROOT CANAL MORPHOLOGY

(g2 = u) suardns “[J (8 = u) s1s
-UaDYLaPUDIU “F] ‘(T = U) S1SuaS.L2Qjap1ay "F UL SYUSWDINSEBIUWL JOYJ0 91} st o[duresqns oy ur A[uo jou ‘o[dwres a[joym ayj ur paurioyrod arem sueld L) 9} JO SHUSWSINSLOW ST,
‘ofqeoridde JON :B/U "SoN[eA U9aM)Oq POAISSO AIIM (GZ0'() > J) SOOUSISIP [BITISTIR)S oU Jey) Jussardor jdLsiodns swres oY) YIIM SISQUINT ) ‘TeOT)I0A UL PBAI ST o[} 9} USYM

(60°0) (AN0)) (G0 #1T°0) (g5°0) (66D (9172 F9°L) (€672) (50°6) (UoTyeIASD "PIS) (€g = W
710 q6€°0 o8L'T q86°0 q66°0 q98°€ qGV'L qSV°G€ q61°6 q€L'9Y UBsAl sua1dns [y
(82°0) (€7°0) (96°0) (LL0) (81°2) (99°9) (60'8) (90'91) (F0'TT) (FLLE) (uorjerAdp "p3s) (G=1u
29€°0 qel60 =80% qe80 269'€ qeGL’L 298°6T eVE'CS elV'1C =06°6L UBSN SISUIIDYJLoPUDIU "F]
(S%°0) (69°0) (96°0) (92'T) (€1°9) 9%'%) (69°9) (TT°0T) (313D (98'8T) (uorjeIAsp 'p3s) L=uw
269°0 el9T elC'C eSV'T 2899 eGL'8 eLL'0C «[9°8G «¥9°68 £60'88 UBSN s15Ua842912p1oY [
(I1°2) (UOTyBIASD 'PIS) (g =uw
B/U B/U GZ'S B/U B/U B/U B/U /U B/U uBa\ 10852027UD FJ
(e/u) (e/u) (e/u) (e/u) (e/u) (e/u) (e/u) (e/u) (e/u) (e/w) (uoTyeIASp "p3s) (1 =u
I1°0 L9°0 gL9 €0 €0¢ 97’6 L9'8T €6vS 1€1e §¥'es UBSN "ds owopy
VINeereding  ygueereding  .rHpOeetedng  Jroading  dgroading  Dysding gysding  vysding  [oadindjoy,  jsdindjof, seAnpdLIdS9 (] seredg

SjusWIaINSELIW [eUB) J00Y

suostunduod 21f19ads-427u1 pun $21951I0IS 2013d110SIP Jo SyNsay F HTV.L

(8% = ) suardvs [ (8 = u) 518
-U2IDYL2PUDAU " ‘(FT = U) S1SU2E.12Q]ap12Y “[J UT SJUSUIAINSEIW J9Y30 1) se o[duresqns oY) ut A[uo jou ‘oydures ajoym oYy} ut pauriojrad arom aue[d pH) 9Y) JO SJUSWIDINSBIUL YT,
‘o[qeor[dde JoN e/u "sen[eA U9OMII( PIAISSUO IIM (GGO 0 > J) SOIUSISJJIP [BI1)SIIR]S oU Jey]) jussatdal jdurdstodns swes oy} UM SIOqUINU 9} ‘[eIILI9A UL PRSI ST 9[qe) 9U) UM

(9€°¢) (LS°€) (26°2) (€9'9) (82°6) (€8°€T) (F1°8T) (¥2°82) (§°€2) (26°0%) (LZ9%) (28'1) (UOTyBIASD "P3S) (&g =w
(006 FEFT (66°L8 OFV6L  (L8LE  LTGH  (@F69  OUSPT  LVGIT  9LBIT  69TIE  IFFI LS sua1dvs “f
(05°2) (12°¢) (¥G€T) (06°9) (8¢°€T) (00°%T) (85°ST) (9L°79) (€09) (2928) (L2'99) (16°¢) (uoryeIAsp "p3s) ¢=w
991 =19°€8 89°LY =0G'8€ 2€9°L9 VI8 6L’ 80T e6L'GVE  qe9V'E9C =BT 6EV =61'89€ qe68°LT UeaAl SISUIDY]LoPUDIU [
(LED) (8¢°L) (6T°%) (8%°9T)  (IS°3D) (28°08) (TE'8T) (€€°99) (¥9°L8) (16°99) (€2°TIT) (I (UOT}BIASD "PIS) (L=1u
eL6°CT eL9'€C 269'LE =96°€€ 216’69 =96'G8 =90°66 eL6°L9C 96198 269’61V 8T VLE «8L'8T ues|\ S1SU2E12q]oP1Y “H
(9L°0) (UOTYeTASD 'PIS) z=1uw
B/U B/ 10°%S B/u B/U '/u B/U B/U B/U B/U B/U B/U ueo L0SS202JUD "]
(e/u) (e/u) (e/m) (e/u) (e/m) (e/u) (e/u) (e/m) (e/u) (e/u) (e/m) (e/m) (uoreradp (T=1v
G896 19°L€ IT'%9 9228 02'66 L8'GST ¥0°GET LG90% 8TVIE 17’879 L'TV9 97'81 'PIS) UBOIN "ds owopy
VIN®RIV  dINBIV  4FHORRLY  DIOA oIS dIoA WS VICA VIS JsoL  fomo,  yduepol,  seapduwseq sowadg

SjuaWaINsSeaW 100y

Suos1undwl0d 21102ds-123u1 pum $319810IS 2017d11052p Jo synsay ‘& HTIV.L

American Journal of Physical Anthropology



6 L. PRADO-SIMON ET AL.

ied is shown in Figure 2. Externally, ATE9-1 from the
Sima del Elefante locality presents a Tomes’ root (2T).
Inside, the root canal is bifurcated at the apical third of
the root into two canals (MB and DL) that disappear to
form a ramification at the apex. The transversal section
of the root canal at the CEdJ plane is circular.

The two H. antecessor premolars from the Gran
Dolina-TD6 locality showed two roots (2R: MB + DL)
classified as Tomes’ root Grade 5 (Turner et al., 1991)
with total bifurcation and separation of the radicals in
the apical third. Internally we can identify two sepa-
rated root canals, one MB and one DL at the coronal
third. In ATD6-4, the MB canal bifurcates from before
the apical third into a buccal (B) and a DL canal. In
ATD6-125 the apical thirds of the roots are broken so we
cannot assess if the MB canal bifurcated in two as it
happens in ATD6-4. Internally we can identify two sepa-
rated root canals, one MB and one DL at the coronal
third. In ATD6-4, the MB canal bifurcates at the middle
third into a buccal (B) and a DL canals. In ATD6-125
the apical third of the roots are partially fractured so we
cannot assess if the MB canal bifurcated in two as it
happens in ATD6-4. The transverse section of the root
canal at the CEJ plane is ellipsoid.

All premolars from the H. heidelbergensis sample
showed a single root (1R) and one canal with a slightly
convergent (almost parallel) longitudinal section and cir-
cular transverse section at the CEJ plane.

All the H. neanderthalensis premolars showed a single
root (1R) with one canal except for the Krapina specimen
(Kdr 35) that had a bifurcated root canal (starting at the
coronal third of the root). The rest of the premolars ana-
lyzed, had just a single canal markedly convergent to
the apex that followed the curvature of the root. Only
one showed a mesio-lingual bifurcation at the apical
third. All the premolars showed an ellipsoid transverse
caliber at the CEJ plane.

The “San Pablo” medieval modern human sample
showed more homogeneity in root canal morphology. All
the premolars studied from this population had a single
root (1R) and one root canal with a highly convergent
longitudinal section and an ellipsoid transversal section
at the CEJ plane.

Similarly, all the premolars in the CENIEH’s modern
dental collection have a single root (1R) in the Wood
et al. (1988) classification. Nevertheless, when looking at
their internal morphology, cases of a bifurcated canal or
a single canal, bifurcated at the middle third and poste-
riorly fused at the apical third were observed; some of
them showed primary transverse canals, primary blind
oblique canals, or recurrent canals. The longitudinal sec-
tion of the canals was highly convergent toward the
apex. In addition, the transverse section at the CEJ
showed an ellipsoid shape.

Descriptive statistics

Tables 3 and 4 show the mean and standard deviation
of each of the sample and subsample. In all cases, there
was a decreasing size-related trend from the two-dimen-
sional and three-dimensional measurements taken at
the CEJ plane to the measurements taken at the MA
plane.

H. heidelbergensis showed the highest mean values for
root length (Totlength) and root volume (Totvol) using
the external measurements of the root, followed by
H. neanderthalensis and H. sapiens. H. neanderthalensis
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showed the highest mean value of total root surface
(Totsf) followed by H. heidelbergensis and H. sapiens.
This trend was also followed when the teeth were ana-
lyzed according to their three-dimensional root sections
(Vol and SfA, B, and C). H. heidelbergensis showed the
highest mean value of VolA, followed by H. neandertha-
lensis and H. sapiens. Regarding the two-dimensional
external root measurements of the planes, H. neander-
thalensis showed the highest mean value in the area of
the CEJ MR and MA planes followed by H. heidelbergen-
sis and H. sapiens.

Regarding the whole root canal measurements and
the measurements of the pulp 3D sections (Totpulvol,
Totpulpsf, Pulpvol and PulpsfA, B and C), H. heidelber-
gensis showed the highest mean values followed by
H. neanderthalensis and H. sapiens. When looking at
the two-dimensional measurements of the root canals
(PulpareaCEJ, MR and MA), H. neanderthalensis
showed the highest mean values at the CEJ plane
followed by H. heidelbergensis and H. sapiens. H. heidel-
bergensis showed the highest mean values for the other
two planes (PulpareaMR and PulpareaMA), followed by
H. neanderthalensis and H. sapiens.

Interspecific comparisons

The results of the interspecific comparisons are pre-
sented in Tables 3 and 4. Significant differences (P <
0.025) were observed between all the measurements
when comparing H. sapiens and H. heidelbergensis. H.
sapiens and H. neanderthalensis showed significant dif-
ferences (P < 0.025) in all the variables compared except
Totlenght, PulpvolC, PulpareaMR, and PulpsfA and C.
No significant differences were observed between the
variables compared in H. heidelbergensis and H. nean-
derthalensis.

DISCUSSION

The roots and the root canals of the LP4s were
described and analyzed in this study as their morphology
has been described as particularly useful for taxonomic
differentiation of Pleistocene hominins (e.g., Bailey and
Lynch, 2005; Martinén-Torres et al., 2006). The LP4s
also show higher morphological stability and lower vari-
ation in external root and root canal morphology in com-
parison with the LP3 (e.g., Sprinz, 1953; Soares and
Goldberg, 2002; Cohen and Hargreaves, 2008).

It has been suggested that the variation in premolar
root number may constitute a genetic polymorphism
linked to phylogenetic differences in Plio-Pleistocene
hominins (Abbot, 1984; Wood et al., 1988). The primitive
root form for LP4s found in Australopithecus robustus
and African early Homo (Wood et al., 1988) is 2R: M +
D (mesial and distal roots with two differentiated canals
in each root). This primitive condition presents at least
two trends in root morphology. One trend seems to lead
toward root reduction (1R: one single root with a single
canal), and the other to root elaboration also called 2R:
M + D (mesial and distal roots with one root canal in
each root). The LP4s of H. heidelbergensis, H. neander-
thalensis, and H. sapiens (with only few exceptions noted
below) showed derived root morphologies (1R) with
regard to Australopithecus robustus and African early
Homo (Wood et al., 1988). In contrast, ATE9-1 and
H. antecessor showed different degrees of Tomes’ root
leading to the complete separation of the roots in the
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ATE9-1 H. sapiens

YYVY

Fig. 3. Schematic diagrams of the area of the root canal at
the three planes of section recorded in this study; these data
are based on the mean values recorded for each species. The
width of the line at the top of each diagram represents the area
of root canal in the CEJ plane of section; this has been standar-
dized to be equal in all the species for the purposes of this dia-
gram. The lines below the CEJ plane represent the area of the
root canal at MR and MA planes relative to the area of pulp at
the CEJ plane. Interspecies differences are apparent in the rate
of convergence of the walls surrounding the root canals toward
the root apex; H. heidelbergensis shows the most parallel walls
of the root canal.

H. neanderthalensis H. heidelbergensis

CEJ Plane

Mid-root Plane

Mid-apex Plane

apical third in the latter. It has been suggested that the
Tomes’ root in lower second premolars could represent a
transitional morphology from a double rooted tooth to
the derived form (1R) as the evolutionary consequence
of a struggle to maintain a large root surface area de-
spite a decrease in the number of roots (Shields, 2005).
The roots and root canals of the two H. antecessor pre-
molars from the Gran Dolina-TD6 sample used in this
study were classified as 2R with MB+DL roots with two
(at the coronal half) and three canals (at the apical
third) by bifurcation of the MB plate-like root (although
the latter cannot be confirmed in ATD6-125 as it is frac-
tured in its distal end). This finding is coincident with
the morphology already described by Bermudez de Cas-
tro et al. (1999), which was suggested as possible
uniquely derived condition to this species (Bermudez de
Castro et al., 1999). Similarly, ATE9-1 canals present a
similar type of bifurcation (2R: MB + DL) although
closer to the apex.

Figure 3 is based in the mean values obtained for each
segment and represents graphically the root canal mor-
phologies observed in the studied hominin groups.
Although some of the premolars analyzed from the mod-
ern human collection and the H. neanderthalensis collec-
tion, showed more than one root canal, they were all sin-
gle rooted. In general, all the species with uniradicular
premolars, showed some degree of apical convergence of
the root canals at the longitudinal section of the root of
the premolars (Table 4). In H. sapiens, there is a clear
trend toward the convergence or narrowing of the root
canals from the coronal to the apical third. However, in
H. neanderthalensis and H. heidelbergensis, the conver-
gence of the walls is small, particularly in the Sima de
los Huesos sample where the walls are the most parallel
of all the studied groups (Table 4). The similarities found
between H. heidelbergensis from Sima de los Huesos and
H. neanderthalensis would be in line with the similar-
ities found in other dental traits (e.g., Bermudez de Cas-
tro, 1987, 1988, 1993; Martinén-Torres, 2006; Martinon-
Torres et al., 2006, in press) and the proposed phyloge-
netic relationship between the Middle Pleistocene fossils
from Europe and Neandertals (e.g., Arsuaga et al.,
1997). This morphology is more pronounced in our Sima
de los Huesos sample than in H. neanderthalensis and
could be a reflection of a morphological particularity of
this biological population.

All the specimens showed ellipsoid shapes in their
pulp cavities at the CEJ plane with the exception of the
H. heidelbergensis premolars, which had a circular
shape. Following crown formation, epithelial cells con-
tinue to proliferate to the tooth apex and produce a tu-
bular sheath known as Hertwig’s epithelial root sheath
(HERS) from which horizontal processes start to develop
(Kupczik and Hublin, 2010). Root structure (single or
multirooted) is determined by the shape and folding of
this sheath (Kovacs, 1971). Deviations in the invagina-
tion process lead to variations in root morphologies and
number (Wright, 2007; Kupczik and Hublin, 2010). The
lack of convergence of the root canal walls and the circu-
lar shape of the CEJ plane, together with the measure-
ments of the root canal volume and surface presented in
Table 4, are traits related to the presence of very wide
root canals in the H. heidelbergensis premolars. This
might be related to the length of H. heidelbergensis
roots, which were the longest on average of the entire
sample (Table 3). As Kovacs (1971) stated, the length of
the root depends on the rate at which the Hertwig’s epi-
thelial root sheath narrows. The lack of convergence of
the root canal walls in H. neanderthalensis and particu-
larly in our Sima de los Huesos sample could be a conse-
quence of the same mechanism that is responsible of the
taurodontism typically observed in the molars of these
groups (e.g., Bermudez de Castro et al., 2003; Kupczik
and Hublin, 2010). In taurodont molars, the invagination
of the interradicular processes is delayed or disrupted
and the furcation of the roots is displaced towards the
apex, resulting in an enlarged pulp cavity and lack of
constriction (e.g., Jaspers and Witkop, 1980). The same
process might be reflected in the LP4 of these two
groups. Regarding ATE9-1, its narrower root canal in
comparison with that of H. heidelbergensis and H. nean-
derthalensis (Figs. 2 and 3) may be reflecting that a root
canal convergent to the apex is the primitive condition.
The morphology of ATE9-1 root canal could be due to the
postmortem deposited matrix and secondary dentine
physiologically deposited through the life of the subjects
(Benzer, 1948). However, we cannot eliminate the possi-
bility that the morphology of ATE9-1 root canal could
also be the result of pulp canal obliteration (calcific met-
amorphosis). This condition is characterized by the depo-
sition of hard tissue within the root canal space; it is a
sequela of tooth trauma which is developed more often
in teeth following concussion and subluxation injuries
(Oginni and Adekoya-Sofowora, 2007). The mechanism
of canal obliteration is still unknown; it could be related
to damage to the neurovascular supply of the pulp at the
time of injury (Yaacob and Hamid 1986; Robertson,
1998). Indeed, as Martinon-Torres et al. (2011) suggest,
Sima del Elefante mandible to which this tooth belongs
to, present several pathological signs related to heavy
and even traumatic masticatory habits. More specimens
are needed in order to establish the polarity of this trait.

The Sima de los Huesos and San Pablo lower second
premolar roots and pulp cavities revealed a clear mor-
phological homogeneity. They all have a single root, with
a single and wide root canal without ramifications; they
all show circular external and internal CEJ planes and a
slight apical convergence. Previous studies (Dahlberg
1951; Sofaer et al., 1972; Turner, 1986, 1989, 1990; Grif-
fin, 1993) have shown that there is a correlation between
biological distances and dental morphology and that this
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relationship can be used to determine the degree of relat-
edness among populations. All the human fossils from the
Sima de los Huesos site were recovered from the same
breccia unit, which consisted of clay-supported bones,
blocks, and clasts (Bischoff et al., 1997). The relative mor-
phological homogeneity of the H. heidelbergensis LP4 in
both roots and root canals and the fact that all the individ-
uals were deposited during the same sedimentation epi-
sode (Bischoff et al., 1997) supports the notion that they
belong to the same biological population (e.g., Arsuaga
et al., 1990; Bermudez de Castro, 1993; Rosas, 1992).

The roots of the H. neanderthalensis premolars are
shorter and wider on average than those of H. heidelber-
gensis which were the longest on average of the whole
sample (Table 3). This is the reason why although
H. heidelbergensis showed a higher average root volume,
the areas of the planes of the root and the external root
surface were higher on average in H. neanderthalensis.

The lack of significant differences observed between
the measurements taken in H. heidelbergensis and
H. neanderthalensis supports the theory of a close phylo-
genetic relationship between the hominins of Atapuerca-
Sima de los Huesos and the late Pleistocene -classic
Neanderthals (e.g., Arsuaga et al., 1993, 1997; Bermudez
de Castro, 1993; Martinén-Torres, 2006; Gémez-Robles,
2008; Martinon-Torres et al., in press). The crown and
the pulp chamber were not included in the quantitative
measurements as they could be more affected by exter-
nal factors such as aging, pathology, traumatic occlusion
and tertiary dentine deposition than the root canals
(Cohen and Hargreaves, 2008). As the closure of the root
apex is related to the time that the tooth becomes func-
tional, the category of wear of the tooth could serve as a
proxy of the time that the tooth has been functional
(functional age of the tooth). The presence of a category
of wear higher than 1 (Molnar, 1971) means that the
apex was formed for a period of time and the tooth has
been functional for enough time to have secondary den-
tine deposited in the pulp cavity walls. Secondary den-
tine is deposited at a slower rate than primary dentine.
Its production is continuous throughout the life of the
tooth (Gomez and Campos, 2004) and consequently, the
size of the pulp cavity is gradually reduced throughout
the individual’s lifetime (Prapanpoch and Cottone, 1992;
Paewinsky et al., 2005). This fact could affect the meas-
urements taken of the pulp cavity of the teeth with a
category of wear higher than 1; future studies with mod-
ern humans and bigger sample sizes should address the
exact impact or lack of impact of these factors in the in-
ternal measurements.

In summary, it has been found that the root morpholo-
gies identified in the H. antecessor sample from Gran
Dolina-TD6 (2R: MB + DL with at least two [MB and
DL] in ATD6-125 and three [B + M + DL] canals in
ATD6-4) and the ATE9-1 specimen from Sima del Ele-
fante (2T with a MB and DL canal) could suggest transi-
tional root morphologies from the primitive conforma-
tions found in Australopithecus robustus and African
early Homo (2R: M + B with two root canals in each
root) to the derived condition of later Homo species (1R).
H. heidelbergensis and H. neanderthalensis premolars
showed small convergence of their root canals, but this
tendency was highly marked in H. heidelbergensis pre-
molars with very parallel walls, which could be a reflec-
tion of a morphological particularity of its biological pop-
ulation which showed very characteristic features in its
root canals. Apart from the minimal apical convergence
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of the root canal walls, all the Sima de los Huesos speci-
mens showed a circular shape of the pulp canal at the
CEJ plane, whereas in the remaining groups the section
was ellipsoid. These features correspond to long roots
and wide root canals and could be related to the tauro-
dontism observed in H. heidelbergensis molars. The mor-
phological analyses of the pulp cavities showed an im-
portant homogeneity in the Sima de los Huesos sample
supporting the fact that they represent the same biologi-
cal population. This study was performed with small
sample sizes and one tooth position to test the validity of
the method proposed, future studies with larger sample
sizes and different tooth positions will be needed to cor-
roborate these findings.
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Abstract The recent application of microtomographic techniques to dental morphological studies has
revealed an untapped source of biological information about extinct and extant human populations. In
particular, this methodology has helped to characterize internal dental structures (enamel—dentine junc-
tion, pulp chamber, and radicular canals), maximizing the amount of information that can be extracted
from a given specimen. In this study, we present a three-dimensional evaluation of the dental roots of
the Sima del Elefante mandible, ATE9-1 (Atapuerca, Spain) by visual inspection, and by tomographic
and microtomographic techniques. With 1.3 Myrs of age, this fossil represents the earliest hominin re-
mains in Europe, and one of the very few human fossils for this period and region. Through this case
study we aim to present a protocol for the description of the internal dental spaces, exemplify how the
application of microtomographic techniques can significantly increase the amount of relevant and in-
formative morphological features (even in the case of fragmentary/heavily worn teeth or teeth with
hypercementosis), and explore some biological considerations about external and internal root morphol-
ogy. There is neither a general nor straightforward correspondence between the external root morphol-
ogy and the root canals. In cases where a high degree of hypercementosis is present, the external root
anatomy can be highly confusing. Indeed the assessment of the internal root anatomy of ATE9-1 teeth
has led us to the reclassification of the LC and the LP3 with respect to previous publications. The re-
sults of this study suggest that internal root anatomy could be used as a complementary source of bi-

ological information.

Key words: Microtomography, root canals, dental pulp, Sima del Elefante

Introduction

Teeth constitute the majority of fossil hominid collections
(e.g. Hillson, 1996). The external and internal morphologi-
cal details, development and tissue proportions of hominoid
and hominin teeth have been extensively studied. The study
of tooth crown and root morphology (e.g. Abbot, 1984;
Wood et al., 1988; Bailey, 2002; Gémez-Robles et al., 2007,
Martinon-Torres et al., 2008; Kupczik and Dean, 2008;
Kupczik and Hublin, 2010), teeth development (e.g.
Ramirez Rozzi and Bermudez de Castro, 2004; Bayle et al.,
2009a, b, 2010), enamel thickness (e.g. Kay, 1981; Martin,
1985; Kono et al., 2002; Olejniczak et al., 2008), enamel—
dentine junction shape (e.g. Korenhof, 1961; Skinner et al.,
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2008; Bailey et al., 2011), tooth microwear and microtexture
(e.g. Scott et al., 2005), and the incremental development of
these tissues (e.g. Dean et al., 2001; Lacruz and Bromage,
2006; Smith et al., 2007; Guatelli-Steinberg and Reid, 2008;
Smith et al., 2010) have increased our understanding of the
fossil hominin species’ diet, life history, and phylogenetic
relationships.

The space inside the dentine of the tooth where the pulp
(the vascular nervous system of the tooth) is housed is called
the pulp cavity. Dentine and pulp form a structural and func-
tional unit, the dentino-pulp complex (Gémez and Campos,
2004). When dentine grows, the pulp cavity gets smaller.
The deposition of the primary dentine starts with dentino-
genesis and ends when the root apex is closed. Primary den-
tine constitutes the major part of the whole dentine of the
teeth (Gomez and Campos, 2004). The formation of the sec-
ondary dentine starts when the root apex closes. Its produc-
tion, at a lower rate than primary dentine, is continuous
during the complete life of the tooth. With age, the second-
ary dentine deposition produces a reduction of the pulp cav-
ity (Prapanpoch and Cottone, 1992; Solheim, 1993). The
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pulp cavity is divided into two portions: the pulp chamber,
which is located in the anatomic crown of the tooth and the
pulp or root canal or canals which are found in the anatomic
root. The vascular-nervous system enters the root canal sys-
tem via apical foramina at the root tips, and is distributed
throughout the pulp cavity, forming multiple paths that lead
to the pulp chamber that have complicated divisions be-
tween them. These complicated paths are formed by the en-
trapment of periodontal vessels in Hertwig’s epithelial root
sheath during calcification (Cutright and Bhaskar, 1969).
After crown formation, epithelial cells continue their prolif-
eration to the tooth apex and produce a tubular sheath named
Hertwig’s epithelial sheath (HERS), from which horizontal
processes develop. The shape and folding of this sheath de-
termines root structure (single or multi-rooted) (Kovacs,
1971). Deviations in the invagination process produce varia-
tions in root morphologies (Wright, 2007).

It is difficult to visualize and quantify the pulp cavity be-
cause it is an internal space rather than a directly observable
surface. Although some aspects of the pulp cavity’s mor-
phology (e.g. taurodontism) have been often discussed (e.g.
Trinkaus, 1978; Harvati et al., 2003; Rosas et al., 2006), this
space has been normally overlooked in paleoanthropology.
Microcomputed tomography (microCT) allows the visualiza-
tion of internal dental structures through the nondestructive
production of virtual planes of sections facilitating the pres-
ervation and study of valuable fossil and museum collections
(e.g. Kono, 2004; Tafforeau, 2004; Olejniczak and Grine,
2006). Only recently, some studies of the 3-D hominin pulp
cavity proportions have been performed using microtomog-
raphy (e.g. Bayle et al., 2009a, b, 2010; Crevecoeur et al.,
2010; Kupczik and Hublin, 2010).

This technology gives a new perspective for the study of
highly destructed fossil teeth, with crowns missing, high cat-
egories of wear, roots covered with hypercementosis or af-
fected by taphonomic processes. This advantage has a special
relevance when we are dealing with very limited and valuable
fossil samples. This is the case of ATE9-1 specimen from
the Sima del Elefante locality (Atapuerca, Spain). ATE9-1
was initially assigned to Homo antecessor (Carbonell et al.,
2008), but this taxonomic classification was later revised,
and this specimen was ascribed to Homo sp. (Bermudez de
Castro et al., 2011). It represents the earliest hominin fossil
found in Europe, dated to the Early Pleistocene (c.1.3 Myr)
(Carbonell et al., 2008). In general, the teeth of ATE9-1
show primitive traits for the genus Homo, but also some sim-
ilarities with the H. antecessor teeth from the nearby locality
of Gran Dolina-TD6 (c. 900 kya) (Bermtdez de Castro et
al.,2011). A deeper assessment of the phylogenetic meaning
of ATE9-1 root morphology can be found in Bermudez de
Castro et al. (2011).

The dental remains from ATE9-1 are fragmented. Only
two crowns (LP4 and RI2) are preserved but they show a
high category of wear, and all the roots evince a high degree
of hypercementosis that avoid accurate external descriptions
(Martinén-Torres et al., 2011).

The aim of the present study is to elaborate a detailed de-
scription of the ATE9-1 dental roots, extracting the maxi-
mum level of morphological information from these
fragmented dental remains to make future comparisons pos-
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sible. The external and internal morphology of the roots
have been compared and the symmetry between antimeres
evaluated to observe biological questions that have not been
analyzed before in the roots and root canals by means of
these relatively new technologies.

The Sima Del Elefante Site

During the 2007 field season, a hominin mandibular frag-
ment (ATE9-1) was recovered from the TE9 level of Sima
del Elefante cave site (TE), one of the Pleistocene sites from
Sierra de Atapuerca (Burgos, northern Spain) (Carbonell et
al., 2008). This site is located in the Railway Trench, 100 m
from its entrance and about 200 m away from the well-
known Atapuerca-TD site, the infilling of the Gran Dolina
cave (Bermudez de Castro et al., 1999). The TE site corre-
sponds to a sedimentary karstic infilling stopping up the
entrance to the so-called ‘Galeria Baja,” which belongs to
the Cueva Mayor-Cueva del Silo complex, where the Sima
de los Huesos site is located (Figure 1).

Previous field research at TE was devoted to cleaning and
preparation of a vertical profile of the infilling to perform a
detailed study of the lithological and sedimentary strati-
graphical sequence (Rosas et al., 2001). During the 1980s,
sedimentary samples for the biostratigraphical study of the
Atapuerca sites (including TE) were obtained (Gil, 1987).
However, a detailed, more recent and complete biostrati-
graphical study has been made by Cuenca-Bescdés and
Garcia (2007). The Sima del Elefante cave is about 18 m
wide and the railway outcrop exhibits a sedimentary thick-
ness of about 24 m formed by 22 lithostratigraphic units
mostly made by debris flow deposits (see Figure 1 of
Carbonell et al., 2008). The TE9-TE14 levels have yielded
an assemblage of Mode 1 lithic tools (Parés et al., 2006;
Carbonell et al., 2008) and level TE9, in particular, presents
an unexcavated area of more than 60 m2. The lithic assem-
blage found at this level, a simple Mode 1 technology, shows
similar primary technical features to those recovered from
other Early Pleistocene European sites (Carbonell et al.,
2008). Paleomagnetic analyses by Parés et al. (2006) re-
vealed that a major geomagnetic reversal occurs between
stratigraphic levels TE16 and TE17. This reversal has been
interpreted as the Matuyama Chron, in consonance with the
micromammal assemblage at the site (Laplana and Cuenca-
Bescds, 2000). Furthermore, levels TE9-TE13 display
reverse magnetic polarity. The age of TE9 is further con-
firmed by burial dating based on the radioactive decay of
cosmogenic Al (t,, =0.717 £ 0.017 Ma) and '"Be (t,, =
1.34£0.07 Ma) in quartz collected from the sediments
(Carbonell et al., 2008). Thus, based on a combination of
paleomagnetism, cosmogenic nuclides, and biostratigraphi-
cal data, TE9 level has been dated to the Early Pleistocene
(c. 1.2 Ma) or possibly even older (1.3 Ma, Parés, personal
communication).

Materials and Methods

Materials
The mandible preserves in situ the roots of lower left
lateral incisor (LI2), lower right first premolar (RP3), and
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Figure 1.

lower right second premolar (RP4), and the apices of both
lower right lateral incisor (RI2) and lower right canine (RC).
In addition, five isolated teeth were found in the same exca-
vation square: the lower left second premolar (LP4), the root
and the crown of the RI2, the root and fragment of the crown
of the RC, a partial root which was initially classified as the
lower left first premolar (LP3), and a root with a small frag-
ment of the crown that was initially classified as a left canine
(LC) (Table 1). Dental dimensions, the similar high degree
of occlusal and interproximal wear, and the appropriate fit
between the preserved part of the alveolus and the teeth sug-
gest that they belong to ATE9-1.

Methods

The external morphology of the preserved isolated roots
was assessed by visual inspection and it was classified ac-
cording to Wood et al. (1988), which categorizes the root
forms into four distinct groups: 1R, 2T (Tomes’ root), 2R
(mesiobuccal and distal) and 2R (mesial and distal). IR was
defined as a single root with a single (main) canal (single
roots of Tomes’ root form are included in this category).
Two roots: Tomes’ root (2T) in which the grooves at the sur-
face of the root led to bifurcation. The roots are mesiobuccal
and distolingual, the mesial area of the distolingual root
overlaps the distal area of the mesiobuccal root. Each root
has a separate pulp canal.

Tomes (1923) was the first to describe this root structure
in modern human P3s as a deviation from the normal Euro-
pean single oblong root. Heterogeneity was identified in a
phenotype with some premolars being C-shaped in root
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Location of the Sima del Elefante site in relation to the Sima de los Huesos site in the Sierra de Atapuerca (Burgos, Spain).

transverse section (due to the unilateral induction of an inter-
radicular process forming a prominent mesial/lingual
groove), and others showing two root elements (relatively
independent mesial/buccal and distal/lingual roots). Turner
et al. (1991) normalized the continuous nature of the root
structure of Tomes (1923). In this study, the classification of
the Tomes’ root degrees was done following Turner et al.
(1991). The primary elements of the root complex are root
cones and radicular structures. The term radical will be used
to refer to unseparated root-like divisions (Scott and Turner,
1997), when no true external bifurcation occurs. One root
can have two or more radicals. If they are not separated, de-
velopmental grooves delimit the boundaries of these radi-
cals. When the radicals are bifurcated, the teeth may have
two or more roots (Scott and Turner, 1997).

The internal morphology of the roots (pulp cavity) of the
ATE9-1 specimen and the external morphology of the in situ
roots were analyzed by means of CT and microCT. ATE9-1
(Figure 2) suffered several post-depositional alterations,
most of which were restored at the National Research Centre
on Human Evolution (CENIEH) Conservation and Restora-
tion Department. A fragment of the distal aspect of the right
corpus including the distal wall of the RP4 socket was found
separately. The RP4 was first recovered as a loose tooth and
later included in its restored socket (Martindn-Torres et al.,
2011). The scanning process was performed after the resto-
ration work. Microtomography could only be done in the
teeth that remained isolated after the restoration process
(lower left premolars, both lower canines and lower right in-
cisor) (Table 1).
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Table 1. ATE9-1 Mandibular teeth

Category of External visu- CT external MicroCT ex- Tomes® root
Tooth Preservation wear Location  Image al analysis analysis  ternal analysis (Turner et al Internal morphology
position (Molnar, & (Wood et al., (Wood et al., (Wood et al., 1991) ”  (Canalda and Brau, 2006)
1971) 1988) 1988) 1998)

LI2  Apex in situ N/A In situ CT Not possible IR N/P 0 2 canals

RI2 Distal aspect of the root 4 Isolated MicroCT 1R N/PE IR 0 1 main canal — apical third
inside the alveolar bifurcation (buccal and lingual
socket. canals) — apex bifurcation of

the L canal (buccal and distal)

LC  Only preserves the N/A Isolated MicroCT 1R N/PE 1R 1 4 canals — ramification at the
root. Crown broken apex
below the cement—
enamel junction.

RC  Broken, buccal aspect 4 Isolated MicroCT IR N/PE IR 0 1 main canal — middle third
of the crown and the division into 4 accessory
proximal third of the canals — ramification at the
root missing. apex

LP3 Broken, half of the N/A Isolated MicroCT IR N/PE 2T 3 1 main canal — middle third
crown and the proximal bifurcation (buccal and lingual
third of the root in their canals)
lingual and buccome-
sial aspect missing.

RP3 Part of the root in situ, N/A In situ CT Not possible 2T N/P 5 1 main root canal — coronal
crown missing. third bifurcation into 2 canals

(mesio-buccal and disto-lin-
gual canals)

LP4 Best preserved tooth of 4 Isolated MicroCT 1R N/PE 2T 1 1 main canal — apical third
the mandible. Crown bifurcation (mesial and distal
and root present. canals) — ramification at the

apex

RP4 Part of the root in situ, N/A In situ CT IR 2T N/P 3 1 main canal — apical third

crown missing.

bifurcation (mesiobuccal and
lingual canals)

N/A = not applicable.
N/P = not possible.
N/PE = not performed.

The whole mandible was scanned using an YXLON MU
2000-CT scanner at the University of Burgos (Spain) us-
ing the following parameters: voltage = 160 kV, amperage =
4 mA, and a resultant voxel size of 0.5 mm x 0.5 mm x
0.5 mm. All the isolated teeth were scanned with a Scanco
microtomographic system (LCT 80, Scanco Medical, Swit-
zerland) housed at the National Research Centre for Human
Evolution (CENIEH) using the following settings for each
scan: voltage = 70 kV, amperage = 140 mA, and resultant
voxel size =20 mm x 20 mm x 20 um). The images result-
ing from the CT and microCT scanning were cropped three-
dimensionally with the ImageJ software package (National
Institutes of Health, USA) to eliminate background space
and reduce the file size. Each of the microCT data files was
filtered using a three-dimensional median filter, followed by
a mean of least variance filter. These processes were per-
formed to facilitate dental tissue segmentation. Following
filtering of the image stack, the external tissues of the tooth
and the pulp cavity of each tooth were segmented using a
semi-automatic threshold-based approach with the Mimics
software package v. 13.1 (Materialise, Belgium). The seg-
mentation of the root canals had to be done mostly manually
from the middle or apical third of the roots in all cases due to

the deposition of matrix inside the canals in multiple loca-
tions. It was not possible to segment the cementum incre-
mental layers of either the root or the secondary or tertiary
dentine deposition layers.

For the description of the root canals the method de-
scribed by Canalda and Brau (2006) was followed. This
thorough and systematic method allows detailed anatomical
descriptions of the root canals starting from the crown (that
encompasses the pulp chamber) and following by the coro-
nal, middle, and apical thirds of the root. In the ATE9-1
specimen, not all these parts were preserved in all teeth. All
the descriptions are presented by antimeres to facilitate the
assessment of asymmetry.

Measurements of the roots were taken only from the teeth
with complete roots of the sample, LP4 and LI2. Proper
landmarks could not be acquired from the rest of the root
fragments to enable measurement of the complete root. The
volume of the root (Rvol), the surface area of the root (Rsf),
the volume of the radicular canal (Rpulpvol), the surface
area of the radicular canal (Rpulpsf), and the root length
(Rlength) were measured.



Figure 2. Anterior view of ATE9-1 mandible (above) and anterior
view of ATE9-1 mandible and in situ teeth based on computed tomo-
graphic reconstruction (below). The mandibular bone has been ren-
dered semi-transparent to illustrate the position of the in situ teeth
(coloured in blue).

Results

Table 1 shows the location and preservation state of all
teeth, the imaging method that has been used for each of
them, and a summary of the results of the internal and exter-
nal morphological analyses.

The portion of the in situ preserved fragment of the LI2
(Figure 3) is a single root without external bifurcation (IR of
Wood et al., 1988). This root would be also classified as
grade 0 of Tomes’ root according to Turner et al. (1991) with
no external visible groove. However, internally we observe
a possible bifurcation. A buccal and a lingual canal can be
observed at the coronal third of the root in the tomography.
They could be the result of a bifurcation of the main canal or
they could be two separate canals. The lower resolution of
the CT prevents us from seeing whether the lingual canal
continues to the apex, since it disappears from the image at
the middle third of the root. The buccal canal has a lingual
bifurcation at the apex showing an oblique accessory canal
(45° angle from the main canal towards the apex). The trans-
verse sections of the root canals are circular over their entire
length. The measurements of the LI2 root are contained in
Table 2.

The RI2 root (Figure 4) is single (category 1R of Wood et
al., 1988), distally deviated in its apical third and without
evident developmental grooves, grade 0 of Tomes’ root fol-
lowing Turner et al. (1991). However, the CT reveals two
rounded depressions in the external mesial and distal surfaces
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Figure 3. Consecutive high-resolution medical CT transverse
cross-sections of ATE9-1 demonstrating root morphology of the in
situ dentition: (A) At the level of the cement—enamel junction (CEJ);
(B) one-quarter of the distance from the CEJ to the root apex; (C) one-
half of the distance from the CEJ to the root apex; (D) three-quarters of
the distance to the root apex.
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Table 2. Root measurements

Rvol Rsf Rpulpvol ~ Rpulpsf  Rlength

(mm®) (mm?) (mm?) (mm?) (mm)
LI2 336.42 44537 6.97 52.24 16.42
LP4 641.7 548.41 21.31 82.45 18.46

at the apical third that delineate a figure-of-eight-shaped
section. The main root canal follows the straight trajectory
of the root. At the apex, the main canal is divided into a buc-
cal and lingual canal. The lingual canal bifurcates at the apex
into a buccal and distal canal. The buccal apical canal is the
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largest, so its foramen could be considered the main foramen
of the tooth. The longitudinal section of the main root canal
is convergent to the apex. The transverse cross-section of the
upper third of the root canal shows a circular shape. The api-
cal third of the pulp cavity shows an elliptical shape that
continues to the bifurcation of the canal at the apex.

The poor preservation of the LC (Figure 5) prevents an
accurate assessment of its original external and internal mor-
phology; only the apical third of the root and the pulp cavity
could be visualized and examined. Based on purely external
analysis, this root would be classified as 1R (Wood et al.,
1988). It shows two shallow developmental grooves in the

Figure 4.

(A) Buccal aspect of the R12, external and internal (virtual filling of the pulp cavity) views. (B) Mesial aspect of the R12, external and

internal (virtual filling of the pulp cavity) views. (C) MicroCT cross-sections of the roots of the RI2 at the cervical, mid-height, and apical thirds.

Figure 5.

(A) Buccal aspect of the LC, external and internal (virtual filling of the pulp cavity) views. (B) Mesial aspect of the LC, external and

internal (virtual filling of the pulp cavity) views. (C) MicroCT cross-sections of the roots of the LC at the cervical, mid-height, and apical thirds.



mesial and distal surfaces of its apical third that delimitate a
distobuccal and mesiolingual component (grade 1 of Tomes’
root according to Turner et al., 1991) and a slightly bifid tip.
The CT transverse cross-sections of the external morpholo-
gy of the root also show the developmental grooves. The
mesiolingual radical is predominant at the apical third, and it
is slightly deviated to mesial. Four root canals (following a
buccolingual line) can be observed at the mid-third of the
root. They could be accessory ramifications of a main canal,
or this could be an indication that this canine had four sepa-
rated canals. These four canals are converted into three ca-
nals as they get close to the root apex where a ramification of
the root canals can be observed with no visible main canal or
foramen. This tooth was classified in previous studies as a
LP3 (Carbonell et al., 2008; Bermidez de Castro et al.,
2011; Martinon-Torres et al., 2011). In this analysis, and in
light of the CT and microCT information, a new classifica-
tion is suggested (see below).

The RC (Figure 6) root is single and mesiodistally com-
pressed. Externally it would be classified as 1R (Wood et al.,
1988). Below the excess of cement we can observe mesial
and distal wide constrictions. The coronal half of the root is
composed of a main canal with a circular transverse profile,
which takes an elliptical shape just before dividing into four
accessory canals. It displays a straight trajectory, following
the shape of the root. The main canal divides into four small-
er accessory canals that intertwine and end in a ramification
of the root canals where no main canal can be identified. The
longitudinal section of the main canal shows parallel walls.

Although there is a high degree of hypercementosis at the
apical third of the root of the LP3 (Figure 7), a light expres-
sion of a bifid tip could be observed. Based only on the ex-
ternal analysis of the morphology of this root, it could have
been classified as 1R (Wood et al., 1988). However, looking
at the internal and external morphologies it would be classi-

TOOTH ROOTS OF THE SIMA DEL ELEFANTE MANDIBLE 7

fied as double-rooted: 2T (Wood et al., 1988). There is a
moderately deep developmental groove in the mesiolingual
surface that extends along two-thirds of the total root length
(grade 3 of Tomes’ root according to Turner et al., 1991).
This groove delimitates externally a mesiobuccal and a dis-
tolingual radical. There is a main root canal which bifurcates
from the second third of the root, and from this point the
pulp cavity is composed of buccal and lingual canals which
remain separated until the apex. The canals follow the curve
of the root, without a strong angulation. The apices of the
root canals are curved, following the shape of the root. There
are two blind accessory canals whose trajectories end inside
the tooth, in this case in the cement. These accessory canals
start from the mesial and distal canals following an oblique
trajectory with a 45° angle. The apical third of the root canal
shows a ramification, and no main canal can be identified.
The apex is full of foramina with similar diameters. The
walls of the root canals in longitudinal section are parallel. A
transverse cross-section of the root canals at a cervical level
shows a circular shape. This tooth was previously classified
as LC (Carbonell et al., 2008; Bermudez de Castro et al.,
2011; Martinon-Torres et al., 2011). In this analysis a new
classification is suggested (see below).

The external upper third of the transverse CT cross-
section of the root of the RP3 (Figure 3) is oval, with a slight
mesiolingual indentation. A mesiobuccal and a distolingual
radical are delimitated externally by a moderately deep de-
velopmental groove in the mesiolingual surface that extends
along two-thirds of the total root length (grade 3 of Tomes’
root according to Turner et al., 1991). Internally, the main
root canal is bifurcated at the coronal third in mesiobuccal
and distolingual ramifications that continue as two separated
canals until the apex (Figure 3). The transverse sections of
the root canals are circular along their whole length.

The root of the LP4 (Figure 8) is relatively straight with a

Figure 6.

(A) Buccal aspect of the RC, external and internal (virtual filling of the pulp cavity) views. (B) Mesial aspect of the RC, external and

internal (virtual filling of the pulp cavity) views. (C) MicroCT cross-sections of the roots of the RC at the cervical, mid-height, and apical thirds.
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(A) Buccal aspect of the LP3, external and internal (virtual filling of the pulp cavity) views. (B) Mesial aspect of the LP3, external and

internal (virtual filling of the pulp cavity) views. (C) MicroCT cross-sections of the roots of the LP3 at the cervical, mid-height, and apical thirds.

Figure 8.

(A) Buccal aspect of the LP4, external and internal (virtual filling of the pulp cavity) views. (B) Mesial aspect of the LP4, external and

internal (virtual filling of the pulp cavity) views. (C) MicroCT cross-sections of the roots of the LP4 at the cervical, mid-height, and apical thirds.

slight distal deviation. It presents a prismatic shape with four
longitudinal external grooves (buccal, mesial, mesiolingual,
and distal) which start at the second third of the root and get
more pronounced towards the apex. Due to the shallow de-
velopmental grooves observed in the root surface, we would
classify this tooth as grade 1 of Tomes’ root according to
Turner et al. (1991). The generalized high level of hyperce-
mentosis present in the root of this tooth, as well as in the
rest of ATE9-1 dentition (Martinon-Torres et al., 2011)
makes it very difficult to describe the external anatomy of
the root. Despite the external demarcation of four radicals,

internally there is a single main root canal with bifurcation at
the apical third so we would classify the LP4 root as 2T
(Wood et al., 1988). A large pulp chamber with marked con-
striction at the floor, where the root canal starts, can be visu-
alized. Internally, the root canals of this premolar (as well as
in the rest of ATE9-1 teeth) were obliterated by means of
post-mortem-deposited matrix and secondary dentine that is
physiologically deposited through the life of the subjects
(Benzer, 1948). At the apical third, the root canal is bifurcat-
ed and shows an apical ramification formed by a mesial and
a distal canal that disappear and become multiple ramified



Figure 9. Buccal and mesial aspects of RP4 (taken before the
mandible was restored).

collateral canals. At the apex, there is one foramen that could
be distinguished from the others due to its larger diameter. It
is located at the mesial part of the apex of the root, and it
could be considered the main foramen of this radicular ca-
nal. The longitudinal section of the whole root canal is con-
vergent towards the apex. In cross-section, the pulp chamber
has a buccolingual ellipsoid shape. The transverse cross-
section of the root canal is rounded and the walls show some
roughness which is likely due to post-mortem deposition of
sediments inside the pulp cavity. The measurements of the
LP4 root are provided in Table 2.

At the external apical third of the root of the RP4
(Figure 9) we can distinguish a mesiobuccal and a distolin-
gual radicals separated by a deep distobuccal groove and a
shallow mesiolingual one. The mesiobuccal cone is shorter
and flexed. Despite the deep invagination at this level, the
apex of this radical is fused to the distal radical. We could
classify this root as grade 3 of Tomes’ root (Turner et al.,
1991) due to the depth of the cleft. The transverse CT cross-
sections (Figure 3) reveal that in its external coronal third
the root is prismatic with four slight indentations, one buc-
cal, one distal, one mesiolingual, and a shallower mesial
one, similar to the left antimere. Attending to the CT images
and the visual inspection, this root would be classified as 2T
(Wood et al., 1988). Internally, the main canal is bifurcated
into two canals at the apical third. A mesiobuccal and a lin-
gual canal can be observed at the root apex. The cross-
section of the root canal is circular throughout the whole
length.

Discussion

The root surfaces of all of the teeth in ATE9-1 exhibit an
irregular thickening and rough surface due to abnormal ce-
mentum deposition particularly affecting the apical third
(Martinon-Torres et al., 2011). The excessive proliferation
of cementum beyond the physiological limits of the tooth is
called hypercementosis (Weinberger, 1954; Leider and
Garbarino, 1987; Hillson, 2008; Pinheiro et al., 2008) and
leads to the abnormal thickness of the root, predominantly
near the apex which becomes rounder in shape (Pinheiro et
al., 2008). The generalized hypercementosis observed in
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ATE9-1 prevents a proper assessment of the root external
morphology and obliges to be cautious when recording mea-
surements.

In previous assessments of the Sima del Elefante mandi-
ble (Carbonell et al., 2008; Bermudez de Castro et al., 2011;
Martindn-Torres et al., 2011), a different classification of the
mandibular teeth was suggested. LC (in this study) was iden-
tified as a LP3, and vice versa. After the analysis of the mor-
phology of the roots and the root canals of ATE9-1 the
classification of the teeth was reconsidered due to several
reasons. The buccal outline of the preserved crown of the
LP3 (Figure 7b) was too rounded to be a canine. Buccal
surfaces in lower premolars tend to be more semicircular
(Diamond, 1962; Woelfel and Scheid, 1998; Riojas, 2006),
as is the case of the root fragment designated as a LP3 in this
study and that it is similar to the buccal outline of the LP4
(Figure 8b). With this new classification, the transverse sec-
tions of the LP3 (Figure 7c) and the RP3 (Figure 3) are high-
ly coincident. This fact contradicts previous statements
about strong asymmetry between antimeres (Bermudez de
Castro et al., 2011). LC would still present a grade 1 of
Tomes’ root though this trait is absent in the RC. Interesting-
ly, the external root morphology of ATE9-1 P3s is now iden-
tical to the root morphology described for H. antecessor P3s,
and that was suggested as possibly apomorphic for this spe-
cies (Bermudez de Castro et al., 1999).

The existence of an abscess in the LC alveolus (Martindn-
Torres et al., 2011) has remodeled the distal wall of the sock-
et, creating a space between the tooth and the socket and
making relatively good fitting of both pieces in the same
socket. Finally, and under this new possibility, we have not-
ed that there is a good fitting between the mesial interproxi-
mal facet of the LP4 and the small preserved portion of the
distal interproximal facet of the LP3.

ATEO-1 roots present relatively complex external and
internal root systems. There is neither a general nor straight-
forward correspondence between the external root mor-
phology and the root canal’s morphology. From the early
studies of Hess and Ziircher (1925) on modern human sam-
ples, the anatomical complexity of root canals is becoming
increasingly documented (e.g. Cleghorn et al., 2007a, b). It
is known that a root with a single conical canal with a single
apical foramen is not the typical morphology but rather the
exception (Cohen and Burns, 2002; Vertucci, 2005). The
frequency of multiple foramina, accessory canals, and other
anatomical variations in root canals demonstrates that such
morphology is so frequent that it must be considered the nor-
mal anatomical condition (Cohen and Burns, 2002). With a
normal degree of variability, particularly in ‘minor variants’
such as the number of foramina or the accessory canals,
most teeth are expected to show a somewhat consistent pat-
tern in their root canal morphologies (Tronstad, 1993).
Looking at the teeth of ATE9-1, we can see examples of a
high morphological degree of internal-external variation
with lack of concordance between the number of radicals
and root canals (see Table 1). This is the case of LI2 (1R
with two separated canals from the coronal third: see
Figure 3), LP3 (2T that shows two clearly separated canals
from the coronal third: see Figure 5) and RP3 (2T with two
clearly separated canal from the coronal third: see Figure 3).
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The external surfaces of the roots are affected by the envi-
ronmental and life conditions of individuals. The general-
ized hypercementosis of all the ATE9-1 teeth has been
related to excessive movement of the tooth within the socket
in a first stage and/or to a high compensatory eruption rate
due to a lack of proper opposing teeth (Martindn-Torres et
al., 2011). Nevertheless, the root canals are more stable and
not so affected by external factors. This is why, in our opin-
ion, the morphology of the root canals is more reliable in this
case and complementary to the external root morphology,
especially in the case of ATE9-1, where a high degree of
hypercementosis is present.

In summary, it has been demonstrated that in cases where
a high degree of destruction and hypercementosis are
present in a fossil, the apparent external morphology of the
roots can be highly confusing. In these cases, tomographic
and microtomographic techniques are fundamental to get a
clear idea of the external and internal morphology of the
teeth and to obtain a significant amount of biological infor-
mation that otherwise would have been unavailable. A new
classification of two of the ATE9-1 teeth was performed re-
lying on the tomographic and microtomographic images and
the analysis of the original fossil. Classically, we have relied
on the external identification of roots and radicals to charac-
terize hominins and assess their phylogenetic proximity/dis-
tance (e.g. Scott and Turner, 1997; Irish and Guatelli-
Steinberg, 2003). In this study it has been demonstrated that
the internal root anatomy could be used as a complementary
source of biological information. The classification of LP3
and LC has been modified after the analysis of the internal
morphology of the teeth by tomographic and microtomo-
graphic images; this lead to the conclusion that the internal
root anatomy could be used as a complementary and more
reliable source of biological information.
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