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pendence from other brain regions. This nonrandom pat-
tern of variation suggests that developmental programs 
channel the variation available for selection. 

 Copyright © 2013 S. Karger AG, Basel 

 Introduction 

 That random variation in individual phenotypes and 
associated genotypes must be the foundation of natural 
selection has been called the ‘fourth pillar of Darwinism’. 
The demonstration of marked conservation of programs 
specifying the initial body plan and fundamental physi-
ological control processes in vertebrates and invertebrates 
challenges this assumption [Kirschner and Gerhart, 2005; 
Gerhart and Kirschner, 2007]. Instead, researchers in evo-
lution and development, ‘evo-devo’, propose that selection 
for robust and stable developmental programs generates 
limited and coordinated ranges of variation on which 
 natural selection may act [Wagner, 2005; Draghi and 
Wagner, 2008; Masel and Trotter, 2010]. The basic features 
of vertebrate brain organization are similarly conserved 
[Striedter, 2005; Reichert, 2009; Yopak et al., 2010], so 
much so as to suggest a similar claim, extending it to the 
domain of basic architecture in neural computation.
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 Abstract 

 Individual variation is the foundation for evolutionary 
change, but little is known about the nature of normal varia-
tion between brains. Phylogenetic variation across mamma-
lian brains is characterized by high intercorrelations in brain 
region volumes, distinct allometric scaling for each brain re-
gion and the relative independence of olfactory and limbic 
structure volumes from the rest of the brain. Previous work 
examining brain variation in individuals of some domesti-
cated species showed that these three features of phyloge-
netic variation were mirrored in individual variation. We ex-
tend this analysis to the human brain and 10 of its subdivi-
sions (e.g., isocortex and hippocampus) by using magnetic 
resonance imaging scans of 90 human brains ranging be-
tween 16 and 25 years of age. Human brain variation resem-
bles both the individual variation seen in other species and 
variation observed across mammalian species, i.e., the rela-
tive differences in the slopes of each brain region compared 
to medulla size within humans and between mammals are 
concordant, and limbic structures scale with relative inde-
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  Three features predominate cross-species comparison 
of mammalian brains [Finlay and Darlington, 1995; Reep 
et al., 2007]. First, there is a high correlation in structure 
volumes across mammalian species. Second, each brain 
region expands with a distinct allometry. For example, 
isocortical and cerebellar volumes increase at a greater 
rate than other structures as overall brain size expands. 
Third, structures that comprise the limbic system vary 
more independently of other brain regions across species 
[Finlay and Darlington, 1995; Reep et al., 2007]. An anal-
ysis of brain volumes of an existing data set of individual 
domesticated, wild, and feral species [Kruska, 1970; 
Kruska and Stephan, 1973; Kruska, 1980, 1996, 2005] 
shows that the pattern of variation observed within and 
between brains of wild and domesticated populations 
echo this pattern [Finlay et al., 2011].

  Recent evo-devo studies have shown that standing 
variation may lead to faster changes in particular pheno-
types [Barrett and Schluter, 2008; Agrawal and Stinch-
combe, 2009; Schluter and Conte, 2009] and that standing 
variation may be biased by prior selection to vary along 
particular dimensions [Schluter, 1996; Clarke, 1998; 
Kirschner and Gerhart, 2005; Gerhart and Kirschner, 
2007; Eroukhamanoff and Svensson, 2011]. For example, 
Schluter [1996] examined individual variation in the skel-
etal structure of stickleback species and found that covari-
ation among a particular set of features remained as high 
in distantly related taxa as in closely related ones. If the 
variation offered to selection was random, and selection 
directional, the variation patterns of increasingly more 
distantly related species should progressively diverge. If 
variation is constrained, perhaps ‘filtered’ by selection in 
producing robust and stable phenotypes, a persistent co-
variation of morphological variation could result.

  Previous work on brain organization in boars, minks 
and laboratory mice [Finlay et al., 2011; Hager et al., 2012] 
showed that characteristic features of phylogenetic varia-
tion were mirrored in individual variation. Human brains, 
however, are manifestly ‘atypical’, in that they are very large 
for their bodies [Jerison, 1973] and there are multiple indi-
ces of directional selection on brain size [Evans et al., 2005; 
Gilbert et al., 2005; Vallender, 2008]. Therefore, the brain 
expansion of hominids is a case of directional selection and 
an analysis of variation in human brains would be a useful 
piece in the puzzle of mammalian brain development and 
evolution. To that end, we used magnetic resonance imag-
ing (MRI) scans of 90 human brains to test whether indi-
vidual human brain region volumes covary with the pat-
tern of individual variation observed in several other mam-
malian species and with phylogenetic variation.

  Materials and Methods 

 MRI Scans 
 We selected a total of 90 MRI scans from two sources (online 

supplement table 1; for all online supplement material, see www.
karger.com/doi/10.1159/000345940). Thirty-six MRI scans of 
healthy participants were obtained from the National Institute 
of Health Pediatric MRI Data Repository created by the Nation-
al Institute of Health MRI Study of Normal Brain Development 
[Brain Development Cooperative Group, 2012; third data re-
lease]. This is a multisite, longitudinal study of developing chil-
dren: from newborns to young adults. The use of the MRI scans 
was approved for exemption from the Institutional Review 
Board at our institution. We selected MRI scans of 18 human 
males ranging between 16 and 21 years of age and 18 human fe-
males ranging between 16 and 21 years of age. As our purpose 
was to characterize variation, we deliberately selected individu-
als with some of the smallest and largest brains to maximize 
variation in brain size. These T1-weighted images were obtained 
using 3-dimensional spoiled gradient recalled echo in the steady 
state on a 1.5-tesla scanner (GE Medical Systems or Siemens; 
echo time of 8–11 ms, repetition time of 22–25 ms, excitation 
angle of 30°, acquisition matrix of 256  !  256, number of signals 
acquired, 1, field of view = 250 mm, sagittal orientation; 160–180 
slices of 1- to 1.5-mm thickness). All MRI images had been cor-
rected for intensity nonuniformities with the N3 algorithm [Sled 
et al., 1998].

  The second source of MRI scans was the Open Access Series 
of Imaging Studies, which is made freely available to researchers 
(see http://www.oasis-brains.org) [Marcus et al., 2007], from 
which we selected 54 MRI scans. Informed consent for the par-
ticipants complies with guidelines of the Washington University 
Human Studies Committee (St. Louis, Mo., USA). These MRI 
scans were acquired on a 1.5-tesla Vision system (Siemens). T1-
weighted magnetization-prepared rapid gradient echo scans were 
obtained (field of view = 224 mm, matrix = 256  !  256, slices of 
1.25-mm 3  thickness, TR = 9.7 ms, TE = 4 ms, flip angle = 10°,
TI = 20 ms, TD = 200 ms) [Marcus et al., 2007]. Several acquisi-
tions were averaged to enhance the signal-to-noise ratio. Twenty-
seven MRI scans of males and females ranged between 18 and 25 
years of age. Here we also deliberately selected individuals with 
some of the smallest and largest brains within the available data 
set to maximize variation in brain size. All brain region volumes 
were estimated using slices of defaced MRI images with the soft-
ware program Image J.

  Brain Segmentation 
 Brain region delineations are shown in  table 1  and illustrated 

in  figure 1 . We used 4–20 slices through each brain region and 
multiplied the areas by the slice thickness and spacing to recon-
struct brain region volumes. Volumetric measurements of the 
brain and main brain subdivisions of 138 mammalian species 
(e.g., primates, bats and carnivores) were also obtained from the 
literature [Stephan et al., 1981; Baron et al., 1996; Reep et al., 2007]. 
Volumetric measurements of individual members of three species 
(chimpanzees;  Pan troglodytes  n = 6; wild minks,  Mustela vison ; 
n = 12; wild and domesticated minks: n = 24; boars  Sus scrofa ,
n = 6, and wild and domesticated boars n = 12) were obtained 
from the literature [Kruska, 1970; Kruska and Stephan, 1973; 
Kruska, 1996; Semendeferi and Damasio, 2000; Finlay et al., 
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2011]. The choice of brain regions was constrained to match these 
existing parcellation schemes [Kruska and Stephan, 1973; Stephan 
et al., 1981; Baron et al., 1996; Reep et al., 2007; Finlay et al., 2011] 
( table 1 ). We have updated some of the terminology of this litera-
ture to match current imaging nomenclature. In addition, the pri-
or analyses include the globus pallidus as part of the diencepha-
lon, but we here include the globus pallidus as part of the striatum 
( table 1 ).

  Principal Component Analyses 
 We performed a principal component analysis on the natural-

logged values of the size of 10 brain regions in humans (i.e., iso-
cortex, striatum, septum, hippocampus, olfactory cortex, subicu-

lar cortex, diencephalon, cerebellum, mesencephalon and medul-
la). This statistical approach is highly similar to that performed 
previously for cross-species comparison analyses [Finlay and 
Darlington, 1995; Reep et al., 2007; Finlay et al., 2011]. Unlike pre-
vious analyses, however, olfactory bulb volumes are not included 
because olfactory bulb volumes may not be obtained with high 
accuracy in the human MRI scans we analyzed. An oblimin 
oblique rotation was applied to three principal components. We 
also performed another principal component analysis using 
structures that collectively comprise the limbic system (i.e., hip-
pocampus, subicular cortex, septum, olfactory cortex and amyg-
dala) as a single anatomic unit. Statistical analyses were per-
formed with the software package JMP8.

Table 1. S ummary of boundaries used to delineate brain regions

Brain region
name

Brain region delineations

Isocortex The isocortex includes the gray and white matter of the isocortex as well as the claustrum
Striatum The striatum includes the globus pallidus, putamen, caudate nucleus and internal capsule
Septum The septum includes the fornix when its fibers are intermingled with septal nuclei
Hippocampus The hippocampus includes the dentate gyrus, cornu ammonis, alveus, hippocampal 

commissure, fornix-fimbria caudal to septum
Subicular cortex The subicular cortex is referred to as the schizocortex in previous analyses [Stephan et al., 

1981]. It includes the entorhinal, parahippocampal, presubicular, parasubicular and 
subicular cortices

Olfactory cortex The olfactory cortex includes the olfactory cortex and amygdala. The olfactory cortex 
includes all layers of the primary olfactory cortex

Diencephalon The diencephalon includes the hypothalamus and the thalamus
Mesencephalon The mesencephalon includes the midbrain, pons as well as the cerebral peduncles
Cerebellum The cerebellum includes the cerebellar peduncles
Medulla The rostral boundary of the medulla is the pons and the caudal boundary is the spinal cord

Rostral Caudal

Stri

Olf cortex
Sub cortex

Mes

Medulla
Sub cortex

H

Stri Die

Cerebellum

  Fig. 1.  Coronal planes of an MRI scan of an 18-year-old male brain. Delineations show the boundaries of sev-
eral brain regions used in the present study. The skulls were removed from the images. These images were 
taken from the Open Access Series of Imaging Studies. Stri = Striatum; Die = diencephalon; Olf cortex = olfac-
tory cortex; Sub cortex = subicular cortex; H = hippocampus; Mes = mesencephalon. Scale bar: 10 mm. 
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Cercopithecus ascanius
Cercopithecus mitis
Erythrocebus patas
Miopithecus talapoin
Lophocebus albigena
Macaca mulatta
Procolobus badius
Nasalis larvatus
Pygathrix nemaeus
Gorilla gorilla
Homo sapiens
Pan troglodytes
Hylobates lar
Ateles geoffroyi
Lagothrix lagotricha
Pithecia monachus
Callicebus moloch
Aotus trivirgatus
Callimico goeldii
Callithrix pygmaea
Callithrix jacchus
Saguinus midas
Saguinus oedipus
Saimiri sciureus
Tarsius spectrum
Microcebus murinus
Cheirogaleus major
Cheirogaleus medius
Avahi laniger
Propithecus verreauxi
Indri indri
Daubentonia madagascariensis
Varecia variegata
Lepilemur ruficaudatus
Perodicticus potto
Loris tardigradus
Nycticebus coucang
Galago senegalensis
Otolemur crassicaudatus
Galagoides demidoff
Urogale everetti
Tupaia glis
Tupaia minor
Bos taurus
Odocoileus virginianus
Camelus dromedarius
Lama glama
Equus burchellii
Mustela nivalis
Mephitis mephitis
Taxidea taxus
Procyon cancrivorus
Nasua nasua
Bassaricyon gabbii
Eumetopias jubatus
Zalophus californianus
Callorhinus ursinus
Phoca vitulina
Ursus maritimus
Canis latrans
Vulpes vulpes
Vulpes zerda
Panthera leo
Panthera pardus
Puma concolor
Crocuta crocuta
Cynopterus brachyotis
Cynopterus horsfieldi
Rousettus egyptiacus
Casinycteris argynnis
Hypsignathus monstrosus
Eonycteris spelaea
Pteropus lylei
Miniopterus inflatus
Miniopterus australis
Glischropus tylopus
Tylonycteris pachypus
Tylonycteris robustula
Pipistrellus crassulus
Pipistrellus nanus
Eptesicus pumilus
Chalinolobus gouldii
Chalinolobus morio
Rhogeessa parvula
Lasiurus borealis
Eptesicus flavescens
Nyctophilus geoffroyi
Nyctophilus timoriensis
Scotophilus kuhlii
Scotophilus dinganii
Eptesicus brasiliensis
Eptesicus fuscus
Kerivoula papillosa
Kerivoula phalaena
Myotis dasycneme
Myotis bocagei
Myotis myotis
Myotis bechsteini
Myotis nattereri
Myotis nigricans
Talpa europaea
Desmana moschata
Galemys pyrenaicus
Hemiechinus auritus
Erinaceus europaeus
Crocidura hildegardeae
Crocidura jacksoni
Crocidura russula
Suncus etruscus
Suncus murinus
Sorex araneus
Sorex minutus
Sorex cinereus
Sorex hoyi
Sorex fumeus
Blarina brevicauda
Neomys fodiens
Solenodon paradoxus
Choloepus didactylus
Tamandua tetradactyla
Myrmecophaga tridactyla
Dasypus novemcinctus
Chrysochloris asiatica
Chrysochloris stuhlmanni
Limnogale mergulus
Oryzorictes talpoides
Microgale dobsoni
Microgale cowani
Microgale talazaci
Potamogale velox
Micropotamogale lamottei
Hemicentetes semispinosus
Tenrec ecaudatus
Setifer setosus
Echinops telfairi
Elephantulus fuscipes
Rhynchocyon cirnei
Trichechus manatus

  Fig. 2.  Phylogeny of the mammalian species used in this study. The phylogeny of the 138 mammalian species 
was extracted from Bininda-Emonds et al. [2007]. 
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  Allometric Scaling 
 To compare allometric scaling of brain regions within humans 

and across other mammalian species, we regressed natural-
logged values of each brain region volume (i.e., isocortex, dien-
cephalon, cerebellum, medulla, mesencephalon, striatum, sep-
tum, hippocampus and subicular cortices) against the natural-
logged values of the medulla volume in humans and across 
mammalian species. These generalized linear regressions were 
performed via restricted estimated maximum likelihood (ML) 
with the software program R (version 2.15.0).

  Because standard statistical analyses do not consider that spe-
cies are not statistically independent of each other, we used the 
phylogenetic generalized least-square statistics to obtain phyloge-
netically controlled slopes of the same brain region volumes re-
gressed against medulla volume in 138 mammalian species. The 
phylogeny, which includes branch lengths for the species used in 
our study, was taken from Bininda-Emonds et al. [2007] ( fig. 2 ). 
Regression parameters were found by ML estimates.

  We varied Pagel’s  �  to test for phylogenetic signals in our data. 
Pagel’s  �  multiplies all internal branches of the phylogeny by  �  and 
the estimated ML value of Pagel’s  �  provides an estimate of the 
phylogenetic dependence of species in statistical analyses [Pagel, 
1999; Freckleton et al., 2002] ( table 2 ). The value of  �  of the residu-
als varies between 0 and 1. A value of 0 indicates that the data do 
not have a phylogenetic structure. A value of 1 indicates that traits 
covary in direct proportion to their shared evolutionary history 
[Pagel, 1999; Freckleton et al., 2002]. We report ML values of  �  and 
we include significance tests for likelihood ratio (LR) statistics 
where we compare LR scores when  �  = 0 and  �  = 1 [Pagel, 1999; 
Barton and Capellini, 2011] ( table 2 ). Here, LR = –2 � [(log-likelihood 
of better fit model) – (log-likelihood of worse fit model)]. We per-
formed a  �  2  significance test to assess differences between the two 
models [Pagel, 1999]. Statistical tests were one tailed. Cross-species 
analyses were done in R (version 2.15.0) with the ape package.

  Results 

 Ranges of Variation 
 We first characterize the range of variation in brain 

size in humans compared to some reported ranges in vari-

ation in brain volumes for other species, including indi-
vidual chimpanzees, boars and minks, using both ranges 
and standard deviations of brain volume. Because of the 
deliberately nonnormalized human population, and the 
small sample of chimpanzee and boar brains, standard 
deviations should be viewed with caution. Overall brain 
size in humans in our sample ranges from 1,035.33 to 
1,712.49 cm 3  (x– = 1,358.53 cm 3 ; SD = 159.42; n = 90). Over-
all brain volumes in chimpanzees range between 242.4 
and 437.5 cm 3  (x– = 320.88 cm 3 ; SD = 68.40; n = 6). Overall 
brain size in domestic and wild boars ranges from 85.34 
to 193.82 cm 3  (x– = 129.62 cm 3 ; SD = 37.55; n = 12). Overall 
brain size in domestic and wild minks ranges from 7.20 to 
10.48 cm 3  (x– = 8.93 cm 3 ; SD = 1.09; n = 24). The range of 
human brain sizes lies within 49.84% of the mean com-
pared to 60.80, 83.69 and 36.73% of the overall brain size 
in chimpanzees, boars and minks, respectively. One stan-
dard deviation of human brain volume in this sample (i.e., 
the coefficient of variation) is 11.73% compared to 21.32, 
28.97 and 12.21% in chimpanzees, boars and minks, re-
spectively. Thus, this particular sample of humans does 
not exhibit any remarkable differences in range or coef-
ficient of variation compared to prior samples.

  Allometric Variation 
 Across mammals, each brain region expands with a 

distinct allometry [Finlay and Darlington, 1995]. In par-
ticular, the isocortex and cerebellum expand dispropor-
tionately relative to the other brain regions in mammals as 
overall brain size increases. To determine whether the pat-
tern of allometry observed across mammalian species is 
similar to that found within human brain variation, we 
used phylogenetic generalized least-square statistics to re-
gress the brain region volumes against medulla volume in 
138 mammalian species ( table 2 ). We separately regressed 

Table 2. T he volumes of the isocortex (Iso), cerebellum (Cer), striatum (Stri), diencephalon (Die), subicular cortices (Sub), mesenceph-
alon (Mes), hippocampus (Hip), olfactory cortex (Olf), septum (Sep) and were each regressed against medulla volumes using ML es-
timates in phylogenetic generalized least-square statistics in 138 mammalian species

Iso Cer Stri Die Sub Mes Hip Olf Sep

Intercept 1.948* 1.042* –0.148 0.219* –0.995* –0.310* –0.198 –0.008 –2.268*
Slope 1.337* 1.211* 1.108* 1.092* 1.014* 0.983* 0.956* 0.953* 0.884*
Significance tests for LR statistics

� = 0 >0.05 >0.05 >0.05 <0.05 <0.05 <0.05 <0.05 >0.05 <0.05
� = 1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

W e also report �2 significance tests to assess significant differences between two models, one in which � is set to 0 and one in which 
� is set to 1. * p < 0.05.
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brain region volume against medulla volume in our sam-
ple of 90 human brains ( fig. 3 ). In both individual and phy-
logenetic variation, the isocortex and cerebellum have the 
highest slopes when regressed against the medulla com-
pared to the remaining brain regions ( fig. 3 ,  4 ). The slopes 
of brain region volumes regressed against the medulla vol-
ume in humans and across mammalian species are sig-
nificantly concordant (tau = 0.6667; two-tailed p  !  0.05).

  Axes of Variation 
 We performed a principal component analysis to cap-

ture the structure of variation between brain region vol-
umes in humans ( fig. 5 ). Such an analysis shows that the 
first, second and third principal components account for 

49.42, 14.04 and 9.76% of the total variation, respectively. 
The first component loads highly on the isocortex, mes-
encephalon, medulla, diencephalon, cerebellum and stri-
atum. The second principal component loads on limbic 
structures such as the olfactory cortex, the septum and to 
a lesser extent the subicular cortices. The third compo-
nent loads highly on the hippocampus and subicular cor-
tices ( fig. 5 ). These findings show that the limbic struc-
ture volumes are in part dissociable from remaining 
brain region volumes in our sample of human brains.

  The limbic system consists of a relatively large number 
of small brain regions, which contribute to a traditional 
functional system, and limbic structures have been shown 
to covary. We therefore performed a second principal 
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  Fig. 3.  Natural-logged values of brain region volumes regressed against the natural-logged values of medulla 
volumes in humans. Circles = Nonlimbic structure; diamonds = limbic structure; open circles and open dia-
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  Fig. 5.  Principal component analysis with 
vectors for the 10 brain regions show that 
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(i.e., septum and olfactory cortex) load on 
principal component 2 and that other lim-
bic structures (i.e., hippocampus and su-
bicular cortex) load on principal compo-
nent 3 whereas most nonlimbic structures 
load highly on principal component 1.
Sub = Subicular cortex; Olf cortex = olfac-
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campus; Stri = striatum; Iso = isocortex; 
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component analysis with ‘limbic system’ as a single value 
(i.e., the limbic system is the sum of olfactory cortex, su-
bicular cortex, septum and hippocampus volumes;  fig. 6 ). 
In this analysis, the first, second and third principal com-
ponents account for 67.29, 9.60 and 7.92% of the total vari-
ance, respectively. The first principal component loads 
highly on the cerebellum and mesencephalon and to a 
lesser extent on the diencephalon and isocortex. The sec-
ond principal component loads highly on the striatum 
and to a lesser extent on the isocortex. The third principal 
component loads highly on the limbic system ( fig.  6 ). 
Taken together, these findings show that the limbic sys-
tem as a whole and its subdivisions are dissociable from 
remaining brain regions in our sample of human brains.

  Discussion 

 We find that the pattern of allometric scaling in brain 
region size and the relative independence of limbic sys-
tem scaling characterizes individual variation in human 

brains. The pattern of variation observed in human 
brains is similar to the individual variation within and 
across mammalian species [Finlay and Darlington, 1995; 
Reep et al., 2007; Toro et al., 2008; Finlay et al., 2011; Hag-
er et al., 2012]. Two versions of principal component anal-
yses show the variation in the limbic system to be in part 
dissociable from the rest of the brain. The pattern of vari-
ation within the limbic system echoes some distinctions 
that have been made previously [Reep et al., 2007] focus-
ing on marine mammals with highly atrophic olfactory 
bulbs.

  A recent report has shown that brain region volumes 
vary relatively independently of other brain regions in 
recombinant inbred mice lines [Hager et al., 2012] and 
may be associated with particular genetic variations, 
which the authors identify as evidence for ‘mosaic’ evolu-
tion, rather than the coordinated process we have pro-
vided evidence for here. Previous work on brain variation 
in mouse strains [Williams et al., 1998; Finlay et al., 2011] 
found evidence for phylotypic, coordinated variation in 
mice as well. Coordinated variation and mosaic variation 

–0.5

0

0.5

Pr
in

ci
p

al
 c

om
p

on
en

t 
2 

 

Mes

Cer
r

Med

Iso
Die

Stri

Limbic

–0.5

0

0.5

Pr
in

ci
p

al
 c

om
p

on
en

t 
3

Mes

CerMed
Iso

Die

Stri

StriIso

Die
Med

Mes

Cer

–0.5 0.0 0.5
Principal component 1

–0.5 0.0 0.5
Principal component 2

Limbic Limbic

  Fig. 6.  A principal component analyses for 
the limbic system and remaining brain re-
gions show that the limbic system loads on 
principal component 3 whereas the stria-
tum loads on principal component 2 and 
other nonlimbic structures load highly on 
principal component 1. Stri = Striatum;
Iso = isocortex; Die = diencephalon; Cer = 
cerebellum; Mes = mesencephalon; Med = 
medulla. 

C
o

lo
r v

er
si

o
n 

av
ai

la
b

le
 o

n
lin

e



 Variation in Human Brains   Brain Behav Evol 
 DOI: 10.1159/000345940 

9

are not mutually exclusive properties in species variation. 
Interestingly, however, of the 47 individual domesticated 
animals and mouse strains that were previously analyzed 
[Finlay et al., 2011], 3 different individual mouse strains 
out of 4 individual animals fall outside the 90% confi-
dence intervals. The amount of individual variation re-
maining after phylotypic variation is accounted for is, of 
course, large ( fig.  3 ). A fraction of individual variation 
must certainly relate to individual genetic mutations pro-
ducing pathology that presumably would not character-
ize phylogenetic variation. The degree to which the labo-
ratory mouse is a good model of normal genetic variabil-
ity is also an ongoing concern. Systematic comparison of 
the patterns of phylogenetic variation with genetic varia-
tion associated with particular traits in individual species 
may supply a new way to understand different classes of 
genetic variation.

  Relationship to Development 
 The conserved pattern of allometric variation ob-

served across mammals is mirrored in a conserved devel-
opmental program [Clancy et al., 2001]. Across mam-
mals, brain regions with different birthdays enlarge with 
distinct allometric slopes with respect to remaining brain 
regions. That is, brain regions that undergo neurogenesis 
on average late in development exhibit steeper allometric 
slopes relative to brain regions with early birthdates [Fin-
lay et al., 1998, 2001; Reep et al., 2007]. Those precursor 
pools that exit the cell cycle later in development have 
extended periods to expand their precursor cell numbers, 
producing an exponential increase in their progeny in 
adulthood (i.e., late equals large) [Finlay and Darlington, 
1995; Striedter, 2005; Finlay et al., 2010]. The isocortex 
and cerebellum have notably protracted neurogenetic 
schedules relative to remaining brain regions. The obser-
vations that intrinsically linked developmental processes 
are associated with a predictable pattern of brain scaling 
across mammals, and that patterns of brain scaling in 
mammals mirror those found in humans, suggest that 
the same developmental processes produce variation at 
the individual and species level.

  The arguments we have made rely on mechanisms that 
produce neuron number rather than volume. Although 
structure-by-structure details of how neuron numbers 
vary with brain region volume within humans are not 
clear, previous work has shown that cortical and cerebel-
lar neuron numbers increase disproportionately relative 
to neuron numbers in the remaining brain region in 
mammals [Herculano-Houzel, 2009, 2012]. These obser-
vations suggest that the variation in isocortical volume is 

reflective of variations in isocortical neuron numbers at 
least across primates.

  We use the ‘translating time’ formulation developed 
previously to determine how much variation in neuro-
genesis timing would be necessary to produce the differ-
ence in volumes of the smallest and largest human brains 
in our sample and thus provide some independent con-
firmation of the plausibility of a change limited to de-
velopmental duration as the mechanism responsible for 
the size variations we observe [Clancy et al., 2001, 2007] 
(http://www.translatingtime.net/). This method uses 
multivariate analyses to define a ‘species score’ which 
ranks the total duration of events generating the nervous 
system. For instance, hamsters and mice have low species 
scores, cats and marmosets have intermediate scores, and 
humans exhibit high species scores. Moreover, species 
scores have a high correlation with absolute brain size 
[Finlay and Darlington, 1995; Clancy et al., 2001]. We can 
therefore invert the regression equation to determine a 
‘species score’ each for the largest and smallest human 
brain in our sample and then calculate when the end of 
cortical neurogenesis would occur in these two large- and 
small-brained human ‘species’. We estimate from this 
procedure that approximately 7–8 days of development 
for the end of isocortical neurogenesis would produce the 
difference in the range of overall brain size observed in 
our sample of human brains. For reference, the total time 
from conception to the end of isocortical neurogenesis is 
approximately 110–120 days in humans [Clancy et al., 
2001], so a range of variation in 7–8 days appears to be a 
plausible variation in developmental duration. To our 
knowledge, no direct measurements of variation in neu-
ral development duration have been made in humans. It 
is also possible that variation in the progenitor pool pop-
ulations [Charvet and Striedter, 2009], the timing or pat-
tern of gene expression [Sylvester et al., 2010; McGowan 
et al., 2011], cell cycle rates [Charvet and Striedter, 2010] 
and/or cell death account for variation in human brain 
region volumes in adulthood. Further work to establish 
the commensurability of various aspects of neurogenesis, 
cell cycle rates and progenitor pool populations is in 
progress.

  The Significance of Limbic Variation 
 We could not include the olfactory bulb in our analy-

ses, which is the structure that has consistently loaded 
highest on principal component 2 or 3 in phylogenetic 
analyses and in individual variation across species [Yopak 
et al., 2010; Finlay et al., 2011]. Thus, we might expect the 
contribution of the limbic factor to human brain varia-
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tion to be reduced [Reep et al., 2007; Finlay et al., 2011]. 
However, limbic structures still contribute robustly to the 
second and third principal component in human brain 
variation. Interestingly, the hippocampal and subicular 
cortices covary in humans, and the striatum appears as a 
separable component of variation.

  Across species, those which load highest on this com-
ponent are often (but not always) olfactory or chemosen-
sory specialists, including sharks and rays from deep wa-
ter habitats, nocturnal rodents and insectivores [Yopak et 
al., 2010]. Recently, Smitka et al. [2012] showed a small 
relationship between hippocampal volume and olfactory 
thresholds in human subjects. Recently, Jacobs [2012] 
proposed that the olfactory bulb may have an underap-
preciated role in spatial orientation in marine vertebrates, 
linking it to the hippocampus and the formation of allo-
centric maps, suggesting that the ‘limbic system’ is in-
volved in many more functions than olfaction.

  It is interesting to relate variation in various limbic 
structures with variation in behavior. We could consider 
sensory or emotional differences, differences in memory 
capacity, or protection or predisposition to common 
mental disorders. In mammals, limbic structures (e.g., 
the hippocampus) exhibit adult neurogenesis, which vary 
with learning, experience and environmental stress 
[Kaslin et al., 2008; Castilla-Ortega et al., 2011; Snyder et 
al., 2011]. Moreover, some limbic structure volumes ap-
pear to vary with experience [Maguire et al., 2000]. The 
same statement about relative variability in limbic struc-
tures appears to hold true for nonmammalian vertebrates 
[Lucas et al., 2004], although ‘adult’ neurogenesis is wide-
ly distributed throughout their nervous systems [Kaslin 
et al., 2008]. However, why the limbic system volume var-
ies relatively independently from other brain regions 
within and across species is not clear.

  Individual and Phylogenetic Variability 
 The similar pattern of variation in brain anatomy that 

we observe at the species and individual level may be both 
the source and product of evolutionary processes in hu-
mans. In this case, we have suggested that variation in the 
duration of neurodevelopment links individual and spe-
cies variation in overall brain volume. Given that isocor-
tical volume is disproportionately increased compared to 
the medulla size in bigger brains at both the individual 
and species level, we should consider what computational 
or energetic advantages apply to both the individual and 
species levels of analyses. Across species, brain size has 
been linked to various measures of behavioral flexibility, 
including innovation, successful invasion of new niches, 

and laboratory measures of learning and flexibility [Le-
febvre and Sol, 2008; Sol et al., 2008; Reader et al., 2011]. 
For humans, brain size has been shown to have a small, 
but statistically significant relationship to IQ [Willerman 
and Schultz, 1991], and the present analyses suggest that 
larger brains have disproportionate isocortex volumes.

  The observation that human brains are manifest outli-
ers in relative brain volume, but still show allometric vari-
ation in brain regions, suggests that conserved allometric 
variation is not ‘exhausted’ in the enlarged human brain. 
Additionally, the usual assumption that the isocortex per 
se has been the subject of targeted selection is not sup-
ported by our observations: relatively greater increases in 
cortical and cerebellar volume is the predictable result of 
overall increases in brain size. Simple extension of neu-
rogenesis duration could be the cause of human brain 
expansion, applied to all brain regions, but with different 
allometric consequences depending on the relative dura-
tion of each brain part production. This coordinated in-
crease in brain region volumes produces, for example, the 
often observed ‘linkage’ of cortical and cerebellar vol-
umes or neuron numbers for free [Herculano-Houzel et 
al., 2007] as well as the cortical white matter increasing
at a higher rate than cortical gray matter [Zhang and 
 Sejnowski, 2000]. This view is in contrast to the view that 
brain regions expand independently to fill specific adap-
tations, which remains the default assumption about the 
process of brain evolution since it was suggested by Jeri-
son in 1973. By eliminating the variation accounted for 
by the first principal component, some variation in brain 
region volumes can be attributed to niche-specific or eco-
logical factors [Barton, 1998, 2007; Shultz and Dunbar, 
2007; Abdel-Mannan et al., 2008; Charvet and Finlay, 
2012]. Our intention here is not to contest these observa-
tions, but to insist that it is the overwhelming covariation 
in brain parts that requires a functional explanation, in-
stead of investing the last 1–5% variation in the volumes 
of structures with all of their functional significance.

  A similar pattern of variation in the head and jaw of 
cichlid fish was observed between closely and distantly 
related fish species [Schluter, 1996], contrary to what 
would be expected if species variation were a random 
walk away from initial states. Robust and conserved de-
velopmental processes may be essential properties of the 
individual phenotype that  facilitates  rather than con-
strains the generation of functional anatomical, physio-
logical and behavioral variation [Kirschner and Gerhart, 
2005; Gerhart and Kirschner, 2007]. Our findings sup-
port the same characterization of variation in mamma-
lian brain parts. Rather than assuming that an increase 
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in brain region volumes (e.g., cortical areas or cerebel-
lum) is the mechanism that underlies species-important 
skills, considering how flexibility in the localization of 
cognitive function is allocated to those skills may be a 
more profitable focus [Anderson, 2010].
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