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Abstract

Objectives: We investigate the suitability of middle cranial fossa (MCF) size as a

proxy for temporal lobe volume (TLV), examining the strength of the association

between TLV and MCF metrics and assess the reliability predicting TLV in fossil

anthropoids. The temporal lobe of the primate brain is a multimodal association cor-

tex involved in long-term memory, auditory, and visual processing with unique spe-

cializations in modern humans for language comprehension. The MCF is the bony

counterpart for the temporal lobe providing inferences for fossil hominin temporal

lobe evolution. We now investigate whether the MCF is a suitable proxy for the

temporal lobe.

Methods: A sample of 23 anthropoid species (n = 232, including 13 fossil species)

from computed tomography (CT) scans of ex vivo crania and magnetic resonance

imaging (MRI) of the in vivo brain were generated into three-dimensional (3D) virtual

models. Seven linear metrics were digitally measured on the right MCF with right

TLV calculated from in vivo MRI.

Results: Regression analyses produced statistically significant correlations between

TLV and all MCF metrics (r ≥ 0.85; p ≤ 0.0009) with TLV predictions within ±1 stan-

dard error and three MCF metrics (posterior-width, mid-length, and mid-width) the

most reliable predictors of TLV with only one metric weakly associated with TLV.

Discussion: These findings indicate a strong association between the MCF and TLV,

provide reliable predictors of fossil TLV that were previously unattainable, allow the

inclusion of fragmentary fossil material, and enable inferences into the emergence of

modern human temporal lobe morphology.

K E YWORD S

comparative neuroanatomy, cranial base, primate paleoneurology, temporal cortex, virtual

anatomy

1 | INTRODUCTION

The primate brain has a well-defined Sylvian fissure, dividing the

temporal lobe from the remaining cerebral cortex, while function-

ally, it is a multimodal association cortex where long-term memory,

auditory, and visual processing in primates has further neurobiologi-

cal specializations in modern humans, specific to language

processing and comprehension (Bryant & Preuss, 2018).

Compared with other anthropoids, the modern human temporal

lobe is considered disproportionately large (Rilling, 2006; Rilling &

Seligman, 2002); however, see Semendeferi and Damasio (2000) for

alternate interpretations. For paleoneurologists, inferences from

fossil hominins may indicate when modern human temporal lobe

morphology emerged.
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The middle cranial fossa (MCF) has a potential structural interac-

tion between the brain and cranium, where morphological changes to

the temporal lobe are likely affected by brain and cranial morphology.

For example, changes to cranial base angle in nonhuman primates is

associated with shifts in facial block angle (Lieberman, Ross, &

Ravosa, 2000; McCarthy, 2001), while further reduction in facial angle

is evident in modern humans (Bastir et al., 2010; Bastir &

Rosas, 2016; Lieberman, Pearson, & Mowbray, 2000) combined with

associated changes to mandibular form (Bastir, Rosas, & Kuroe, 2004).

In the fossil record, the soft-tissue brain does not preserve, and

brain morphology must be indirectly inferred from endocasts, physical

or virtual molds of the endocranial cavity (Holloway, 2018). Further-

more, the close spatial correspondence between the brain and

endocranium is noticeable on the surface of the MCF, where some

sulcal imprints of the temporal lobe are retained on the lateral, ante-

rior, and inferior endocranial surface (Falk, 1978, 1980, 2014; Falk

et al., 2018; Gonzales, Benefit, McCrossin, & Spoor, 2015; Rosas,

Pena-Melian, Garcia-Tabernero, Bastir, & De La Rasilla, 2014). It is

reasonable to extend the “functional craniology” hypotheses by Moss

and Young (1960) into an evolutionary context with reciprocal inter-

action between the brain and cranium (Bruner, 2017).

Without systematically examining the suitability of MCF mea-

surements as a proxy for temporal lobe, the accuracy of fossil infer-

ences remains uncertain. Such an assessment is important because

the relative lengthening of the MCF in fossil Homo has been impli-

cated in the emergence of enlarged temporal lobes in extant Homo

sapiens (Bastir et al., 2011; Bastir, Rosas, Lieberman, &

O'Higgins, 2008) and the MCF used to infer temporal lobe morphol-

ogy in Homo neanderthalensis through comparisons between El Sidron

and extant Homo sapiens (Rosas et al., 2014). Moreover, the lack of

delimiting boundaries on the external surface of the temporal lobe or

on endocasts (Kobayashi, Matsui, & Ogihara, 2018) makes comparing

data from previous studies difficult and so, for paleoneurologists, a

comparative study of the evolution in temporal lobe size based on

fossil endocasts has remained unattainable.

Here, we examine whether MCF size is a suitable proxy for TLV

by evaluating a set of standardized metrics that can be measured even

in fragmentary fossils to determine which metrics are more strongly

or weakly associated with TLV and to assess their reliability for

predicting TLV. We apply the resulting prediction equations to a series

of key anthropoid fossils to determine the degree of uncertainty that

arises from the choice of which MCF metrics are used.

2 | MATERIALS AND METHODS

2.1 | Sample composition

The total sample (N = 232) consisted of 23 anthropoid species, includ-

ing 13 fossil species (Table 1), from ex vivo cranial CT (n = 154) and

T1-weighted structural in vivo brain MRI (n = 78). The in vivo human

MRI sample in this study was accessed from the Open Access Series

of Imaging Studies (OASIS) with appropriate human ethics protocol

Research Highlights
• Comparative study of 11 extant anthropoids using in vivo

brain MRI and ex vivo cranial CT including 13 fossil

species.

• As few as two or three measurements of the middle cra-

nial fossa can reliably predict temporal lobe volume in

extant and fossil anthropoids where previously, fossil

temporal lobe size could not be estimated, including from

endocasts.

• The middle cranial fossa provides a reliable prediction of

temporal lobe volume with this approach also applicable

more broadly to anthropoid brain evolution

TABLE 1 Anthropoid sample (N = 232) detailing digital modality
type of the 11 extant anthropoid species and 13 fossil anthropoid
species (in bold)

Species CT MRI n

Homo sapiens 44 40a 84

Homo sapiens (Cro-Magnon 1, Singa 1; Skh�ul 5;

Mladeč 1)

4 4

Homo neanderthalensis (Gibraltar 1) 1 1

Homo heidelbergensis (Kabwe; Bodo) 2 2

Homo ergaster (KNM-ER-3883; KNM-ER-3733;

OH9)

3 3

Homo habilis (KNM-ER-1805) 1 1

Australopithecus africanus (STS-5) 1 1

Paranthropus boisei (KNM-ER-406) 1 1

Pan troglodytes 10 6b 16

Pan paniscus 14 4b 18

Gorilla gorilla 10 2b 12

Pongo pygmaeus 13 4b 17

Hylobates lar 14 4b 18

Papio sp. 4 2b 6

Papio angusticeps (DNMNH-CO100) 1 1

Dinopithecus ingens (DNMNH-SK554) 1 1

Macaca mulatta 12 4b 16

Cercocebus atys 4 4b 8

Aegyptopithecus zeuxis (CGM-40237) 1 1

Parapithecus grangeri (DPC-18651) 1 1

Sapajus apella 6 4b 10

Saimiri sciureus 4 4b 8

Homunculus patagonicus (MPV-3501) 1 1

Tremacebus harringtoni (FML-619) 1 1

aHuman in vivo MRI from Open Access Series of Imaging Studies (OASIS).
bNonhuman primate in vivo MRI from National Chimpanzee Brain

Resource.
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approvals (see Marcus et al., 2007), while nonhuman primate in vivo

MRI was accessed from National Chimpanzee Brain Resource with

the necessary animal ethics protocol approvals (see Rilling &

Insel, 1999).

The sample comprised two different imaging modalities with

in vivo MRI preferred for soft-tissue imaging and ex vivo high-

resolution CT for hard-tissue imaging. This meant samples were not

from the same individuals; however, species classification was con-

firmed in both datasets following the protocol in Pearson, Groves, and

Cardini (2015). In Papio, the MRI sample contained Papio cynocephalus,

but in the CT sample, it was necessary to substitute with Papio anubis

to maintain sample size. Although substitution was not ideal, we do

not anticipate any issue considering high hybridization rates between

P. anubis and P. cynocephalus (Ackermann, Rogers, & Cheverud, 2006;

Rogers et al., 2019; Zinner, Wertheimer, Liedigk, Groeneveld, &

Roos, 2013), cranial similarity (Frost, Marcus, Bookstein, Reddy, &

Delson, 2003; Gilbert, 2011; Gilbert, Frost, Pugh, Anderson, &

Delson, 2018) and hybrid-clinal geographical zones such as southeast-

ern Kenya and Tanzania (Kingdon, Butynski, & De Jong, 2008;

Kingdon, Butynski, & De Jong, 2016) all contribute to taxonomic com-

plexity and continuing uncertainty (Groves, 2001). Specific locale

details for all but one of the specimens in Papio CT sample enabled

confirmation that more than half of our sample originated in the pre-

sent hybridization zone in southeastern Kenya. Moreover, any statisti-

cal uncertainty arising from substituting one species for another in

this combined sample has additionally been accommodated into our

regression and prediction analysis. We followed Groves (2001) and

Fleagle (2013) for classifications of extant and fossil anthropoid

taxonomy.

2.2 | Comparative anatomy

The interconnected structures of the temporal cerebrocranial system

include the temporal lobe of the brain and the middle cranial fossa of

the skull. The morphogenesis of the brain and the skull are initiated

and driven by complex cell–cell signaling networks specific to cellular

type and involved throughout embryonic stages with the

F IGURE 1 Depiction of the right temporal lobe and middle cranial fossa boundaries (in gold) on virtual models of the brain and endocranium
in the 11 extant anthropoid species included in this study. Note: Cerebellum not always depicted and figures not to scale. a, Homo sapiens; b, Pan
troglodytes; c, Pan paniscus; d, Gorilla gorilla; e, Pongo pygmaeus; f, Hylobates lar; g, Cercocebus atys; h, Macaca mulatta; i, Papio sp.; j, Sapajus apella;
k, Saimiri sciureus
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basicranium derived from endochondral ossification and cartilage

precursors, while temporal lobe morphology is affected by neural-

crest cells and meninges derived from cephalic mesoderm

(Richtsmeier & Flaherty, 2013). This complex morphogenesis is

responsible for the close spatial correspondence between the tem-

poral lobe of the brain and the cranial base consistent in mammalian

taxa, including anthropoid primates.

The endocranium comprises the anterior cranial fossa associated

with the frontal lobe of the brain, the posterior cranial fossa (PCF)

associated with the cerebellum and occipital lobes, while the MCF is

associated with the temporal lobes of the brain (Borden, Forseen, &

Stefan, 2016). The MCF consists of the squamous and petrous parts

of the temporal bone and the greater wings of the sphenoid, bound

anteriorly by the lesser wings of the sphenoid; laterally by the squa-

mous part of the temporal bone and posteriorly by the petrous part

of the temporal bone (White, Black, & Folkens, 2011). We define the

boundaries for the right anthropoid MCF (Figure 1) following

Lieberman, Pearson, and Mowbray (2000), McCarthy (2001) and

White et al. (2011).

The brain is divided into left and right hemispheres with the tempo-

ral lobe separated by the Sylvian fissure (Nolte, 2009). The temporal

lobe is delineated superiorly by the ascending and descending rami of

the Sylvian fissure, superoposteriorly by the fusiform gyrus,

inferoposteriorly by the preoccipital notch and inferomedially by the

parahippocampal gyrus and terminating medially at the margins of the

medulla and pons (Borden et al., 2016; Mai, Paxinos, & Voss, 2008). We

define the boundaries for the right anthropoid temporal lobe (Figure 1;

Table 2), following Aldridge (2011), Rilling and Seligman (2002) and

Semendeferi and Damasio (2000).

2.3 | Data collection and measurement error

All data collection, digital imaging processing and measurements were

conducted by a single operator (AP) to reduce interobserver error. All

MCF metrics and TLV were calculated using the right side of the spec-

imen; however, in some fossil species, the left side of the MCF was

TABLE 2 The anatomical descriptions and measurement points
used to define the right anthropoid middle cranial fossa (MCF) and
corresponding points used for metrics in Figure 2

Middle cranial fossa anatomy

Point Description

Carotid sulcus

(CS)

Medial margin of the internal carotid sulcus on

the tuberculum sellae, inferior to the middle

clinoid process, posteromedial to the superior

orbital fissure.

Foramen lacerum

(FL)

Anteromedial margin of the foramen lacerum,

medial to the carotid canal, and on the lateral

border of the sellae turcica.

Petrous apex (PA) Point on the apex of petrous portion, slightly

superior to the depression of the semilunar

ganglion.

Posterior petrous

(PP)

Point on the petrous portion, located on the

margin of transverse sinus and

petrosquasomal suture.

Anterior temporal

pole (AP)

Point of deepest indentation on sphenoidal

surface, corresponding to the anterior

temporal pole of the cerebrum and the most

anterior boundary of middle cranial fossa.

Sphenosquamosal

(SQ)

Point on the sphenosquamosal suture of the

lesser wing of the sphenoid, inferior to the

sphenoid ridge at the junction of frontal

branch of the middle meningeal artery,

corresponding to pterion on the ectocranial

surface.

F IGURE 2 An illustration of a modern human middle cranial fossa
with the seven measurements used in this study shown on the right
MCF (not to scale) with associated MCF anatomy and descriptions in
Table 2. Original illustration courtesy of Eduardo Saiz
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used instead due to incomplete preservation. In this case, we

anticipate minimal effect from interindividual asymmetry because all

analyses are conducted using species averages and interspecific

variation is higher than intraspecific using measurements of size

(Cardini, 2017).

The ex vivo cranial CT and μCT images were segmented and gener-

ated into 3D virtual mesh in Mimics 17 (Materialise, 2018). The seven

MCF metrics (Figure 2; Table 3) were digitally collected on the

endocranial surface using 3D landmarks in CheckPoint (Stratovan, 2018)

then converted to linear metrics using interlandmark distances (in mm)

in R package Geomorph 3.0.6 (Adams, Otárola-Castillo, & Paradis,

2013). Segmentation and processing of in vivo brain MRI was con-

ducted using Brainsuite 17a (Shattuck & Leahy, 2002), with manual seg-

mentation of the anthropoid right temporal lobe boundaries (Table 2)

following Aldridge (2011), Damasio (2005), Rilling and Seligman (2002)

and Semendeferi and Damasio (2000). The right TLV was calculated

using the native voxel-based algorithm in Brainsuite 17a and then

exported in cubic centimeters for further analyses.

Intraobserver error was investigated by estimating measurement

error using an analysis of variance, where measurement error was

calculated as the proportion of the mean-squared differences

between replicates relative to the total between-group variation

(Bailey & Byrnes, 1990). A single specimen from each extant species

(n = 11) was measured on two separate occasions and measurement

error calculated as % ME = 100 × MS (within)/(MS (within) + MS

(among)). For the seven MCF metrics, measurement error ranged

from ≤1% to 4%, while the right TLV measurement error was ≤1%

(results not shown). Therefore, we considered intraobserver error

had a minimal effect on this study and was unlikely to affect further

analyses.

2.4 | Statistical analyses

2.4.1 | Anthropoid MCF variation

The extent of variation in the seven MCF metrics among extant and

fossil anthropoids was investigated using correlation principal compo-

nent analysis (PCA) in PAST 3.19 (Hammer, Harper, & Ryan, 2001).

2.4.2 | MCF-TLV association

Bivariate ordinary least-squares (OLS) regression was used to deter-

mine the strength of association between each of the seven MCF

metrics and TLV in extant anthropoids. All analyses were conducted

using the species-average for the MCF variables and TLV. To linearize

scaling relationships (see Simpson, Roe, & Lewontin, 2003), MCF vari-

ables were converted (from mm) into natural logarithmic units (base

e), while the cube-root of TLV was calculated then converted into a

natural logarithmic unit (base e) and a 95% confidence interval fitted

to the log–log regressions. The potential influence of phylogeny was

also examined using phylogenetic generalized least-squares (PGLS)

regression and a consensus anthropoid tree modified from Version

3 of 10 K Trees (Arnold, Matthews, & Nunn, 2010). Trait Mapping

followed Martins and Hansen (1997) to test the correlation between

TLV, MCF variables and the anthropoid phylogeny using Blomberg's

K (kappa) statistic for significance, where K is closer to 1 when traits

show a higher than expected correlation with phylogeny (Blomberg,

Garland, & Ives, 2003). The OLS, PGLS and K calculations were per-

formed with Phylogenetics for Mathematica Version 6.5 (Polly, 2019).

2.4.3 | Predicting TLV

The bivariate OLS regressions provided prediction equations for esti-

mating TLV from each MCF variable, calculated as TLV = (a* log[x]

+ b). The reliability of the predictions for extant anthropoid species

was calculated as the percentage of prediction errors (PPE) where

PPE = (predicted – observed)/predicted × 100). PPE reports how

much uncertainty there is in an estimate relative its size, and is there-

fore, arguably more important for evaluating prediction equations

than correlation coefficients, coefficients of determination and p-

values from regressions (Smith, 1984).

TABLE 3 The anatomical descriptions used to define the right
anthropoid temporal lobe boundaries used in this study using the
standard medical anatomical planes of reference rather than
neuroanatomical planes for comparative purposes with basicranial
anatomy

Temporal lobe anatomy

Plane Description

Anterior Externally, includes the temporal pole and the Sylvian

fissure. Medially, anterior-most margin of the temporal

pole, extending superiorly from junction of the

infraorbital and postorbital gyri, to inferoposterior

margin of the parahippocampal gyrus.

Posterior Externally, includes the inferior edge of the preoccipital

notch extending superiorly to border the angular and

supramarginal gyri. Medially, includes uppermost

caudal limit of the parahippocampal gyrus.

Inferior Externally, includes the inferior surface of the temporal

pole, moving posteriorly to include the

temporooccipital gyrus and extending laterally to the

inferior temporal gyrus.

Superior Externally, includes the Sylvian fissure, extending

superiorly to include the superior temporal gyrus,

infrafrontal gyrus, precentral, and postcentral gyri.

Extending posteriorly to the junction of the angular

and supramarginal gyrus. Medially, bound by the

precuneus, cuneus, and retrosplenial cortex.

Medial Internally, parahippocampal and temporal pole are

bounded by gyrus rectus and posteriorly by the pons

and medulla. Superiorly, bordered by the uncus of the

parahippocampal gyrus; posteriorly, the fusiform and

lingual gyri and the retrosplenial cortex; anteriorly,

includes the temporal pole bounded by the postorbital

and infraorbital gyri.
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F IGURE 3 a–b, Principal component analysis (PCA) of seven MCF variables with biplot illustrating MCF variable and corresponding positive
or negative PC loadings for A) PCA of extant and fossil anthropoids with MCF variance of PC1 (89%) versus PC2 (6%) associated with long/wide
MCF or short/narrow MCF and B) PCA of extant Homo sapiens and fossil hominins with MCF variance of PC1 (53%) versus PC2 (22%)

corresponding to a long, posteriorly wide MCF versus long, anteriorly wide MCF. Abbreviations: Homo = extant Homo sapiens; Crm = fossil Homo
sapiens (Cro-Magnon 1); Singa = fossil Homo sapiens (Singa 1); Mladeč = fossil Homo sapiens (Mladeč 1); Skh�ul = fossil Homo sapiens (Skh�ul 5);
Gib = Homo neanderthalensis (Gibraltar 1); Kabwe = Homo heidelbergensis (Kabwe 1); Bodo = Homo heidelbergensis (Bodo); 3883 = Homo ergaster
(ER-3883); 3733 = Homo ergaster (ER-3733); OH9 = Homo ergaster (OH 9); 1805 = Homo habilis (ER-1805); 406 = Paranthropus boiei (ER-406);
Sts-5 = Australopithecus africanus (STS-5); Pan = Pan troglodytes; Bon = Pan paniscus; Gor = Gorilla gorilla; Pon = Pongo pygmaeus; Hy = Hylobates
lar; Mac = Macaca mulatta; Cer = Cercocebus atys; Pap = Papio anubis; Ang = Papio angusticeps (CO-100); Dino = Dinopithecus ingens (SK-554);
Aeg = Aegyptopithecus zeuxis (CGM-402327); Para = Parapithecus grangeri (DPC-18651); Sap = Sapajus apella; Sai = Saimiri sciureus;
Hom = Homunculus patagonicus (MPV-3501); Trem = Tremacebus harringtoni (FML-619)
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Fossil predicted TLV was calculated from each MCF variable

using prediction equations provided by the bivariate OLS regres-

sion models where TLV = (a × log[x] + b). The reliability of fossil

predictions was determined by applying a bracket of uncertainty

using the standard error (s.e.) from the bivariate OLS regression

models to calculate the upper and lower estimates for predicted

TLV in each specimen where predicted TLV = (a × log[x] + b ± s.e).

This allowed the inherent differences of each MCF variable to be

accommodated, where slight changes in the range of uncertainty in

each MCF variable are associated with differences in the standard

error and accommodated into the prediction reliability. Thus, the

linear scaling relationship of brain size is also accommodated into

TABLE 4 Principal component analysis (PCA) for the anthropoid MCF variance listing PCs, percentage of variance, eigenvalues, MCF
variables, and PC loadings for (a) extant and fossil anthropoids, where only the first two PCs had substantial effect on MCF variance and
(b) extant Homo sapiens and fossil hominins, where the first two PCs had substantial effect on MCF variance and, despite PC3 having a lower
contribution to total variance, it remains important for medial-length variation. Statistically significant results are reported in bold

Extant and fossil anthropoid PCA

PC Eigenvalue % variance

1 6.24906 89.27

2 0.430447 6.15

3 0.194312 2.77

4 0.0653414 0.93

5 0.0340782 0.48

6 0.0188937 0.27

7 0.00786499 0.11

PC loadings

MCF PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7

AntW 0.3792 −0.23974 0.57126 −0.10182 0.52592 0.39202 0.31812

PstW 0.38215 −0.20603 −0.37675 0.79077 0.025401 0.16875 0.21567

MaxL 0.39292 0.012634 −0.32015 −0.19052 0.48286 −0.32818 −0.57658

MidW 0.3906 −0.15285 0.3437 0.062592 −0.23939 −0.75675 0.13505

LatL 0.38463 −0.074964 −0.50788 −0.55187 −0.14878 0.15713 0.47613

MidL 0.39372 −0.10281 0.20444 −0.08898 −0.64032 0.32893 −0.46822

MedL 0.31663 0.92756 0.10658 0.10777 0.012546 0.067726 0.23594

Fossil hominin PCA

PC Eigenvalue % variance

1 3.74172 53.45

2 1.55385 22.19

3 1.01057 14.43

4 0.379008 5.41

5 0.14209 2.03

6 0.112582 1.60

7 0.0601772 0.85

PC loadings

MCF PC 1 PC 2 PC 3 PC 4 PC 5 PC 6

AntW 0.37038 −0.46066 0.28757 0.14789 −0.55028 0.37688

PstW 0.36112 0.19242 −0.51859 0.67218 0.21297 0.14114

MaxL 0.40347 0.45861 0.046429 0.068465 −0.51209 −0.15924

MidW 0.44575 −0.25715 0.27577 0.086387 0.24125 −0.75844

LatL 0.39251 0.3304 −0.27433 −0.65752 −0.04794 0.01356

MidL 0.46463 −0.2501 0.053382 −0.23789 0.50901 0.42872

MedL 0.031338 0.55009 0.70147 0.15879 0.26461 0.23123

Abbreviations: MCF metrics = AntW, anterior-width; PstW, posterior-width; MidW, mid-width; MaxL, maximum-length; LatL, lateral-length; MidL, mid-

length; MedL, medial-length.
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the TLV predictions where the range of uncertainty is proportion-

ate to absolute size, hence, larger predicted TLV have a greater

uncertainty bracket (in cm3) compared to smaller predicted TLV

and narrow uncertainty bracket (in cm3) as per conversion from

natural log units (base e) into volumetric units (cm3). All TLV pre-

dictions were conducted using Phylogenetics for Mathematica ver-

sion 6.5 (Polly, 2019).

3 | RESULTS

3.1 | Anthropoid MCF variation

PCA evaluated anthropoid MCF variation, where the majority of MCF

variation was due to absolute size, with longer and wider MCF contra-

sting with narrower and shorter MCF (Figure 3a,b; Table 4).

F IGURE 4 a–g, Bivariate OLS and PGLS
log–log regressions showing the correlation
between seven MCF variables and TLV in
extant anthropoids. All taxa fall within the
95% confidence interval (gray shaded
section) with black-dashed line indicating
the OLS regression line and the solid red
line representing the PGLS regression line.
The corresponding regression parameters
are provided in Table 5
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An initial PCA compared extant and fossil anthropoids (Figure 3a;

Table 4), with PC1 explaining 89% of variance associated with absolute

size in six MCF variables, where longer and wider MCF separated extant

Homo sapiens and fossil hominins from other anthropoids. Although PC2

explained a much smaller amount of total variance (6%) it was

associated with a single MCF variable, with a longer or shorter medial-

length separating some extant and fossil anthropoids. Subsequent PCs

explained less than 3% each and will not be considered here.

A second PCA compared extant Homo sapiens with fossil hominins

(Figure 3b; Table 4), with PC1 explaining 53% of total variance

TABLE 5 Parameters for ordinary least-squares regression and phylogenetic generalized least-squares regression detailing the regression
statistics for the seven MCF metrics and temporal lobe volume. Statistically significant results reported in bold

Regression statistics

OLS PGLS

MCF metrics a b r p a b r2 p k

AntW 0.944 −1.906 0.95 0.0001 0.845 −1.626 0.88 <0.0001 0.66

PstW 1.020 −2.438 0.98 0.0001 0.950 −2.223 0.96 <0.0001 0.76

MidW 0.951 −2.088 0.98 0.0001 0.924 −2.003 0.96 <0.0001 0.62

MaxL 0.983 −2.678 0.92 0.0001 0.853 −2.227 0.82 0.0001 0.77

LatL 1.088 −2.975 0.93 0.0001 0.903 −2.339 0.81 0.0002 0.57

MidL 0.908 −1.972 0.98 0.0001 0.937 −2.056 0.96 <0.0001 0.89

MedL 0.601 −0.623 0.85 0.0009 0.450 −0.271 0.63 0.0033 0.90

Abbreviations: OLS, ordinary least-squares regression: a = slope; b = intercept; r = correlation coefficient; p = permutated p-value. PGLS, phylogenetic general-

ized least-squares regression: a = slope; b = intercept; r = correlation coefficient; p = permutated p-value; r2 = coefficient of determination; k = Blomberg's

Kappa; MCF metrics = AntW, anterior-width; PstW, posterior-width; MidW, mid-width; MaxL, maximum-length; LatL, lateral-length; MidL, mid-length; MedL,

medial-length.

F IGURE 5 a–h, Trait Mapping showing the correlation between the seven MCF variables, TLV, and the extant anthropoid phylogeny using
Blomberg's K for statistical significance with values closer to 1 representing higher phylogenetic correlation. Heat-map coloring refers to absolute
size of a variable with red equivalent to larger and blue, smaller values
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associated with six MCF variables, where a long and wide MCF sepa-

rated extant Homo sapiens from most fossil hominins, whereas PC2

explained 22% of total variance associated with three MCF variables,

with an MCF that was long, narrow (anteriorly), but wide (posteriorly)

versus a long, wide (anteriorly) but narrow (posteriorly) MCF. Despite

PC3 explaining 14% of total variance it was associated with only one

MCF variable, separating most fossil hominins from modern humans

according to a long versus short medial-length (Table 4). The subsequent

PCs explained less than 5% each and will not be considered further.

3.2 | MCF-TLV association

OLS regression produced statistically significant correlations (r ≥ 0.85;

p ≤ 0.0009) between the seven MCF variables and anthropoid TLV

(Figure 4a–g, Table 5). Of the seven MCF variables, the strongest corre-

lations with TLV occurred equally in posterior-width, mid-length, and

mid-width (r = 0.98), while medial-length had the weakest correlation

with TLV (r = 0.85). PGLS regression was also conducted; however,

results did not differ substantially from the OLS regression and will not

be discussed further. Trait mapping indicated no statistically significant

correlation between TLV, five MCF variables and phylogeny (k = 0.57

to 0.77), however, mid-length (k = 0.89) and medial-length (k = 0.90)

did show a stronger correlation with phylogeny (Figure 5a–h; Table 5).

Although the PGLS regressions did not differ substantially from OLS

regressions, we report both analyses for comparative purposes only,

and unless otherwise indicated, results relate to OLS regressions.

3.3 | Predicting TLV

Predicted TLV was calculated from the seven MCF variables using the

OLS regression equations with a prediction uncertainty bracket of

±1 s.e where the strongest MCF predictors of TLV (posterior-with,

TABLE 6 Percentage of prediction errors (PPE) for seven MCF metrics in extant anthropoids calculated as the difference between observed
and predicted temporal lobe volumes and percentage of prediction reliability calculated as difference between observed and predicted TLV
(in cm3) divided by observed TLV. Negative and positive values indicate an increase or decrease respectively in the predicted value from the
observed

Percentage prediction errors

Species AntW PstW MidW MaxL LatL MidL MedL

Homo sapiens −1% −2% −2% −6% −3% −4% −30%

Pan troglodytes −7% −6% −5% −7% −7% −2% −1%

Pan paniscus −6% −8% −4% −16% −15% −1% −10%

Gorilla gorilla 4% 7% 3% −2% −3% 4% 9%

Pongo pygmaeus −7% 5% −1% −3% −7% −6% −11%

Hylobates lar −29% −3% −7% −15% −16% −9% −5%

Macaca mulatta 15% 7% 4% 19% 19% 10% 20%

Papio sp. 6% 2% 8% 16% 19% 9% 12%

Cercocebus atys 14% −4% 11% 12% 6% 7% 16%

Sapajus apella −2% −6% −7% 7% 2% −6% 13%

Saimiri sciureus 14% 11% −2% −9% 6% −5% −24%

Percentage prediction reliability

Species AntW PstW MidW MaxL LatL MidL MedL

Homo sapiens −4% +7% +10% −25% −13% +16% +67%

Pan troglodytes −21% +19% +17% −22% −22% +6% −3%

Pan paniscus −18% +22% +14% −38% −36% +3% +28%

Gorilla gorilla +16% −29% −14% −7% −9% −17% −43%

Pongo pygmaeus −21% −23% +5% −11% −22% +20% +31%

Hylobates lar −46% +8% +16% −30% −32% +21% +13%

Macaca mulatta +52% −19% −12% +75% +73% −30% −84%

Papio sp. +21% −5% −31% +82% +103% −34% −50%

Cercocebus atys +51% +9% −38% +43% +18% −23% −67%

Sapajus apella −5% +11% +13% +18% +6% +12% −37%

Saimiri sciureus +22% −16% +2% −10% +8% +6% +21%

Abbreviations: MCF metrics = AntW, anterior-width; PstW, posterior-width; MidW, mid-width; MaxL, maximum-length; LatL, lateral-length; MidL, mid-

length; MedL, medial-length.
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mid-length, and mid-width) were capable of predicting TLV to within

±11 cm3, ± 19 cm3, and ± 12 cm3, respectively. Only one MCF vari-

able (medial-length) was weakly associated with TLV and a poor pre-

dictor of anthropoid TLV with PPE also indicating medial-length

underestimated TLV in extant Homo sapiens and Saimiri sciureus by

30% and 24%, respectively, but overestimated TLV in Macaca mulatta

by 20% (Table 6). The predicted TLV for extant and fossil anthropoids

were within an uncertainty bracket of ±1 s.e, with the predicted TLV

obtained from PGLS regression models consistently lower than those

from OLS regressions (Table 7), except for mid-length which had mar-

ginally higher PGLS predicted TLV but as many taxa share very similar

OLS and PGLS predicted TLV this result is not considered substan-

tially different (Figure 6a–g).

4 | DISCUSSION

This study aimed to investigate the suitability of the anthropoid

MCF as a proxy for temporal lobe volume (TLV) and determine the

reliability of predicting TLV in fossil anthropoids. Predictions of fossil

anthropoid TLV were based on extant anthropoid in vivo MRI to cal-

culate TLV and ex vivo cranial CT to register seven MCF metrics

TABLE 7 Extant and fossil anthropoid predicted temporal lobe volume (cm3) listed with the corresponding MCF variable calculated from the
bivariate ordinary least-squares regression equations

Anthropoid predicted temporal lobe volumes

Taxa
MCF metrics

ID AntW PstW MaxL MidW LatL MidL MedL

H. sapiens 118.1 113.8 91.4 110.1 106.6 103.5 40.2

CRM 1 116.4 109.1 151.5 154.2 141.0 97.2 88.1

Singa 1 124.3 178.6 134.7 138.8 113.9 100.8 78.2

Mladeč 1 88.9 95.6 98.3 81.0 63.3 79.0 55.5

Skh�ul 5 113.2 71.4 106.3 82.4 90.2 67.3 76.4

Gibraltar 114.6 162.1 111.4 145.2 137.2 112.1 84.2

Kabwe 50.9 143.5 96.6 67.5 111.7 73.1 52.8

Bodo 96.3 142.4 67.4 111.4 50.8 97.8 36.4

KNM-ER 3883 66.3 42.0 83.0 65.1 69.1 58.9 85.1

KNM-ER 3733 34.5 87.9 100.8 46.9 115.4 65.3 57.4

OH9 84.6 106.9 106.4 82.8 52.0 72.0 85.6

KNM-ER 1805 54.1 70.9 78.9 67.8 67.9 60.8 52.7

KNM-ER 406 76.4 194.9 94.2 91.0 75.1 84.8 34.6

STS 5 52.5 76.6 103.9 88.0 106.5 96.6 64.9

P. troglodytes 31.1 32.2 30.9 32.7 30.8 37.0 38.3

P. paniscus 28.0 26.6 21.1 29.6 21.9 33.2 24.7

G. gorilla 43.9 48.5 34.9 42.8 34.5 44.0 54.0

Po. pygmaeus 34.7 53.9 39.2 41.8 34.1 35.2 30.2

Hy. lar 8.5 14.4 10.9 13.1 10.7 12.3 13.7

Pa. sp 26.3 23.0 39.6 28.5 44.3 29.3 32.8

CO-100 29.4 14.9 23.1 32.9 18.6 24.7 22.1

SK 554 25.7 28.6 26.4 15.8 25.1 16.2 24.8

M. mulatta 16.8 13.1 19.3 12.3 19.0 14.3 20.3

C. atys 20.9 12.5 19.7 19.1 16.3 16.9 23.0

CGM-40327 3.2 8.6 8.7 5.2 11.8 6.5 10.2

DPC-18651 2.4 1.5 3.7 2.3 3.0 2.9 15.2

S. apella 8.9 8.3 11.0 8.1 9.9 8.2 12.9

Sa. sciureus 4.1 3.9 3.0 3.3 3.7 3.2 2.7

MPV-3501 4.0 1.3 2.8 3.7 2.8 5.4 10.8

FML-619 3.0 2.3 6.0 6.2 6.1 6.3 17.1

Abbreviations: MCF metrics = AntW, anterior-width; PstW, posterior-width; MidW, mid-width; MaxL, maximum-length; LatL, lateral-length; MidL, mid-

length; MedL, medial-length.
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approximating temporal lobe location. The separate comparative

studies of extant anthropoid temporal lobe allometry (Rilling, 2006;

Rilling & Seligman, 2002) and anthropoid basicranial angle

(Lieberman, Pearson, & Mowbray, 2000; Lieberman, Ross, &

Ravosa, 2000; McCarthy, 2001) provided the foundations for our

study. We investigated the correlation in extant anthropoids

between TLV and MCF size using OLS and PGLS regressions with

our results confirming a strong correlation between extant anthro-

poid TLV and MCF size (r ≥ 0.85; p ≤ 0.0009). Although a close spa-

tial correspondence exists between the temporal lobe and the MCF,

interpretations are not straightforward with such a close spatial

association likely causing temporal lobe morphology to be depen-

dent on both brain and cranial form. For inferences of fossil brain

evolution, our results enable future researchers to determine the

F IGURE 6 a–g, Predictions of TLV from the
seven MCF variables in extant and fossil
anthropoids. Taxa numbering corresponds to
groups: extant humans and fossil hominins (1–14),
great and small apes (15–19), extant and fossil old
world monkeys (20–24), fossil anthropoids
(25–26), extant and fossil new world monkeys
(27–30). Light-gray bars indicate the ±1 s.e.
uncertainty for predicted TLV in fossil specimens,

dark-gray bars indicate the ±1 s.e. uncertainty for
predicted TLV in extant species. 1 = extant Homo
sapiens; 2 = fossil Homo sapiens (Cro-Magnon 1);
3 = fossil Homo sapiens (Singa 1); 4 = fossil Homo
sapiens (Mladeč 1); 5 = fossil Homo sapiens (Skh�ul
5); 6 = Homo neanderthalensis (Gibraltar 1);
7 = Homo heidelbergensis (Kabwe 1); 8 = Homo
heidelbergensis (Bodo); 9 = Homo ergaster (ER-
3883); 10 = Homo ergaster (ER-3733); 11 = Homo
ergaster (OH 9); 12 = Homo habilis (ER-1805);
13 = Paranthropus boisei (ER-406);
14 = Australopithecus africanus (STS-5); 15 = Pan
troglodytes; 16 = Pan paniscus; 17 = Gorilla gorilla;
18 = Pongo pygmaeus; 19 = Hylobates lar;
20 = Papio sp.; 21 = Papio angusticeps (CO100);
22 = Dinopithecus ingens (SK-554); 23 = Macaca
mulatta; 24 = Cercocebus atys;
25 = Aegyptopithecus zeuxis (CGM-402327);
26 = Parapithecus grangeri (DPC-18651);
27 = Sapajus apella; 28 = Saimiri sciureus;
29 = Homunculus patagonicus (MPV-3501);
30 = Tremacebus harringtoni (FML-619). Dark-gray
bar = Extant species ±1 s.e. uncertainty of
predicted TLV, Light-gray bar = Fossil species
±1 s.e. uncertainty of predicted TLV; OLS, solid
red circle for predicted TLV (cm3) PGLS, horizontal
blackbar for predicted TLV (cm3)
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confidence of predictions from fossils when using the MCF as a

proxy for the temporal lobe in anthropoids.

4.1 | Importance of quantifying MCF-TLV
association

This present study provides a quantification for the strength of the

association between the MCF and TLV in anthropoids and the suit-

ability of the MCF as a proxy for the temporal lobe.

Modern humans have disproportionately large temporal lobes

compared to other anthropoids (Rilling, 2006; Rilling &

Seligman, 2002) with differing basicranial angles also separating mod-

ern humans and some fossil hominins from other primates (Lieberman,

Pearson, & Mowbray, 2000) and henceforth hypotheses suggested

the emergence of larger temporal lobes in extant Homo sapiens could

be inferred from changes in MCF morphology of fossil Homo (Bastir

et al., 2008; Bastir et al., 2011). This present study provides support

that the MCF is suitable for inferring fossil brain morphology, where

our results apply both ordinary and phylogenetically controlled statis-

tical methods to provide reliable predictions of TLV with well-defined

brackets of prediction uncertainty for fossil specimens.

Considering the close anatomical correspondence between

cerebrocranial systems, the assumption that a strong correlation

should exist between cerebral volumes and basicranial elements is not

unreasonable. For example, Kubo et al. (2014) found a statistically sig-

nificant correlation between cerebellar volume and PCF in a small

sample of extant Homo sapiens where despite no regression models,

cerebellum volume was predicted for fossil Homo. The inclusion of

more anthropoid species could enable robust statistical investigations

to establish if all PCF metrics correlate strongly with cerebellar vol-

ume and, if, like we have shown with the MCF and TLV, the PCF is a

suitable proxy for cerebellar volume.

Although Lieberman (2011) refers to McCarthy (2004) describing

an apparent isometric scaling trend between temporal lobe size and

the middle cranial fossa in primates, no specific methodological details

were provided. Unfortunately, McCarthy (2004) compiled brain vol-

umes from an extremely small sample from the ex vivo brain published

in Stephan, Frahm, and Baron (1981) and MRI volumes from the

in vivo brain published in Rilling and Insel (1999) and Semendeferi and

Damasio (2000) among others, incorporating different sampling condi-

tions, protocols, unknown species identification procedures, imaging

parameters and neuroanatomists introducing contrary findings such

as occurred between Rilling (2006); Rilling and Seligman (2002), and

Semendeferi and Damasio (2000). As such, it is not possible to com-

pare the significance of these findings by McCarthy (2004) with our

study considering those issues outlined above. Nonetheless, this does

strongly indicate the need for research like this present study to pro-

vide a rigorous methodological investigation of the MCF-TLV

association.

Our results indicated there was a strong correlation between all

MCF metrics and TLV but this was not without exception, with

medial-length not conforming to the same pattern observed in the

other MCF metrics. For example, very low predictions of TLV were

observed in extant Homo sapiens (40cm3), fossil Homo sapiens Mladeč

1 (55 cm3), Homo heidelbergensis Bodo (36 cm3) and Paranthropus

boisei ER-406 (35 cm3) potentially associated with similarly short

medial-length observed also in PCA (Figure 3a,b; Table 4). Further-

more, the stem-platyrrhine, Tremacebus harringtoni (FML-619) had an

improbably large predicted TLV (17cm3) but shared similar medial-

length to extant catarrhines where TLV was overestimated by 20% in

Macaca mulatta.

It may not be unsurprising that medial-length has a weaker corre-

lation with TLV than the other metrics for several reasons. Firstly, only

an anteromedial region of the temporal lobe was approximated by our

metric for medial-length. We note, the temporal lobe does not spa-

tially correspond to the midline of the MCF (for example, the sella tur-

cica) but is instead laterally off-set slightly, following anteroposteriorly

from the orbital fissure, tracing the underlying carotid sulcus to the

junction of the petrous apex and terminating near the basioccipital

region of the skull and is potentially confounded by many “nonbrain”

structures such as meningeal, nervous and vascular systems. Secondly,

while our medial-length metric does not incorporate the basicranial

midline, posterior or anterior cranial fossae, nor the facial block,

it does share similarities with aspects of the cranial base

previously argued to be involved in major changes in anthropoid and

specifically, human cranial evolution (Lieberman, 2011; Lieberman,

Pearson, & Mowbray, 2000; Lieberman, Ross, & Ravosa, 2000;

McCarthy, 2001). It should be noted that the basicranial rotational

model influencing the facial block proposed by Lieberman, Pearson,

and Mowbray (2000); Lieberman, Ross, and Ravosa (2000); and

McCarthy (2001) is opposed by Bastir (2018) and Bastir and

Rosas (2006, 2016) as oversimplified, arguing that the size and posi-

tioning of the MCF do not strongly relate to the variation in the mid-

line cranial base angle in Homo. Therefore, considering these

cerebrocranial interactions, we recommend against using medial-

length as a proxy for the temporal lobe even though our study indi-

cates it is still statistically significant as a predictor for fossil TLV.

However, the stronger correlation with TLV and greater prediction

reliability for posterior-width, mid-width and mid-length emphasize

the suitability of these three MCF metrics for predicting TLV in fossil

specimens.

4.2 | Implications of the MCF as a proxy for TLV

In extant anthropoids, the cerebral structures commonly referred to

as “lobes,” which include the temporal lobe, do not have a true micro-

anatomical or cytoarchitectural existence but are generalized or arbi-

trary divisions with major and minor sulci often used to define the

generalized boundaries separating the “lobes” for macroanatomical

purposes (Sherwood, Bauernfeind, Raghanti, & Hof, 2017). Externally,

the temporal lobe does have a natural superior boundary formed by

the Sylvian fissure, but the ascending rami are externally continuous

with the parietal lobe, a similar situation also occurs for the superior

temporal gyrus, while the preoccipital notch forms a natural posterior
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boundary but again, both the superior and inferior temporal gyri are

continuous with the parietal and occipital lobes on the external sur-

face of the brain (Mai et al., 2008). The lack of discernible neuroana-

tomical structures to define the superior and posterior limits of the

temporal lobe does not allow for a reliable approximation of temporal

lobe boundaries. Instead, internal neuroanatomy is necessary to more

reliably define the temporal lobe boundaries and to accommodate the

absence of a midsagittal line associated with the somewhat “concave”

form of the temporal lobe curving around the mesencephalon and the

pons (Borden et al., 2016).

For paleoneurologists, there are clear limitations when the exter-

nal surface of the brain cannot be used to reliably estimate temporal

lobe boundaries. In endocasts, the preservation of sulcal imprints is

imperfect with information either not clearly visible or completely

absent (Van Minh & Hamada, 2017), which is also often the case in

fossil Homo (Kobayashi et al., 2018). Our study provides reliable pre-

dictors of fossil anthropoid TLV and uncertainty brackets to allow

evolutionary comparisons of fossil temporal lobe size, which has not

been possible, with paleoneurologists previously limited to general-

ized inferences of fossil temporal lobe morphology.

The fragile sphenoid bone forms the anterior boundary of the

MCF and is often partially, or completely, destroyed in many fossil

species. The absence of the lesser or greater wings of the sphenoid

exclude inferences of temporal lobe length or width with estimations

acquired from close phylogenetically related species as with Homo

erectus and Homo ergaster (Bruner, Grimaud-Hervé, Wu, de la

Cuétara, & Holloway, 2015) or complete species substitution as with

Homo sapiens and Homo neanderthalensis (Kochiyama et al., 2018;

Rosas et al., 2014). Regardless, the differences between species are

evolutionary relevant and our findings indicate that only few as two

or three MCF metrics are required to reliably predict TLV from frag-

mentary fossil material.

In conclusion, this study provides quantification that anthropoid

MCF size is a suitable proxy for TLV, with seven MCF metrics strongly

associated with TLV. Three MCF metrics were the most reliable pre-

dictors of TLV with the range of predictions in small and large brained

species for MCF metrics posterior-width reliable ±11 cm3 (±24%),

mid-length ± 19 cm3 (±31%), and mid-width ± 12 cm3 (±38%); how-

ever, medial-length was the least reliable predictor of TLV in anthro-

poids. These findings are relevant for studying fragmentary fossil

material, inferring temporal lobe morphology in fossil endocasts with

implications for potentially tracing the emergence of modern human

temporal lobe morphology and cognitive specializations.
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