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Abstract
The von Economo neurons (VENs) are large bipolar neurons located in fronto-insular cortex (FI)
and anterior limbic area (LA) in great apes and humans but not in other primates. Our
stereological counts of VENs in FI and LA show them to be more numerous in humans than in
apes. In humans, small numbers of VENs appear the 36th week post conception, with numbers
increasing during the first eight months after birth. There are significantly more VENs in the right
hemisphere in postnatal brains; this may be related to asymmetries in the autonomic nervous
system. VENs are also present in elephants and whales and may be a specialization related to very
large brain size. The large size and simple dendritic structure of these projection neurons suggest
that they rapidly send basic information from FI and LA to other parts of the brain, while slower
neighboring pyramids send more detailed information. Selective destruction of VENs in early
stages of fronto-temporal dementia implies that they are involved in empathy, social awareness,
and self-control, consistent with evidence from functional imaging.
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Introduction
In their comprehensive study of the cytoarchitecture of the human cerebral cortex, von
Economo and Koskinas1,2 described large bipolar neurons in fronto-insular (FI) cortex and
in the limbic anterior (LA) area, which wraps around the genu of the corpus callosum and
extends posteriorly to the midcingulate (see Figure 1). Von Economo3,4 called these
specialized neurons the rod and corkscrew cells, referring to the straight and twisted variants
of this distinct class of neurons. These unusual cells had previously been observed by many
classical neuroanatomists including Betz5 and Ramón y Cajal,6 but von Economo3,4 made a
more complete description of their morphology and mapped their specific locations in
human cortex. They have often been termed “spindle cells,”7,8 but because of possible
confusion with other uses of this term, we have opted to call then von Economo neurons, or
VENs.

The VENs are projection neurons and are substantially larger than their pyramidal cell
neighbors.8,9 They possess a single large basal dendrite, distinguishing them from pyramidal
neurons, which have an array of smaller basal dendrites.10 This single large basal dendrite
may have resulted from a transformation during evolution of the genetic programs for
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pyramidal neuron development to modify the basal dendrite to concentrate its growth in the
primary component and suppress the secondary and tertiary branching. The VENs have a
narrow dendritic arborization that spans the layers of the cortex and may be able to sample
and rapidly relay the output from a columnar array of neurons.10 The apical and basal
dendrites of the VENs are remarkably symmetrical; this architecture suggests that the VENs
may be comparing inputs to these two symmetrical dendrites.10 The VENs in LA are filled
retrogradely with the carbocyanin tracer DiI after it is deposited in the cingulum bundle, so
the VENS are likely to be projection neurons with axonal connections extending through the
underlying white mater to other parts of the brain.7 The VENs’ large size and preferential
staining with the antibody for non-phosphorylated neurofilament are also characteristic
features of cortical projection neurons.7,11 The VENs are thus a significant output from FI
and LA, and a consideration of the functions of these areas provides clues as to the kinds of
information relayed by the VENs to other parts of the brain.

In anthropoid primates, the posterior insula and anterior cingulate cortex receive
differentiated inputs subserving pain, itch, warmth, cooling and sensual touch, which are
central components of highly evolved mechanisms for physiological homeostasis.12,13 The
VEN-containing areas, FI, which is located in inferior anterior insula, and LA, may be a
further elaboration of these mechanisms, which, while retaining some aspects of their basic
regulatory functions, have extended to include aspects of the awareness of self and others
and decision making under uncertain conditions. In an exhaustive meta-analysis of the
imaging data, the inferior anterior insula has been found to be consistently activated by
peripheral autonomic changes.14 One such connection between autonomic arousal and
decision making is suggested by the findings of Critchley and colleagues,15 who found that
anterior insula was activated when subjects had increased galvanic skin responses. The
activity of anterior insula also varied as a function of uncertainty during the anticipatory
period in a gambling task.16 Preuschoff et al.17 found that the region of anterior insula
closely matching the location of FI was specifically activated during “risk prediction error”
when a loss as the consequence of a gambling decision was revealed to the subject. The
anterior inferior insula, also in a location closely corresponding to FI, is strongly activated
by negative feedback in the form of frowning faces in a decision task involving a high
degree of uncertainty.18 Frowning faces also activated a site corresponding to the posterior
part of LA.18 The region corresponding to FI on the right side is activated when subjects
scrutinize facial expressions to discern intentions.19 The integrative functioning of the lateral
part of FI in response to negative feedback is illustrated in a series of experiments by Jabbi
et al.,20 who elicited activity in this VEN-rich region through experiences involving disgust
mediated by taste, by the observation of someone else responding to a disgusting taste, and
by imagining a disgusting taste. These data, together with many other experiments, suggest
that anterior insula and cingulate cortex are involved in the recognition of error and the
initiation of adaptive responses to error and negative feedback.21–24 Anterior insula and
cingulate cortex are major components of the system for the flexible control of goal-directed
behavior.25 Area LA also includes portions located near the genu of the corpus callosum
which are profoundly involved in emotional states; there is substantial functional
heterogeneity within the cortex comprising LA, with VENs occurring throughout this
structure (see Williamson and Allman26 for a review). The following sections are an attempt
to describe some of the complexity of this system.

Anterior insula and anterior cingulated cortex are activated by social error
signals

Anterior insula and anterior cingulate cortex are activated by situations that involve social
error, a defect in the social network in which the individual is participating, or a change in
state of one of the participants. For example, these structures are activated by resentment,27

Allman et al. Page 2

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deception,28 embarrassment,29 and guilt.30 They also are activated by feelings of empathy
for the suffering of others, another type of social error signal.31 A meta-analysis of nine
brain imaging studies involving empathy revealed consistent activation in FI and the
adjacent superior anterior insula as well as in the posterior part of LA in approximately the
same region as was activated by frowning faces.32 In mothers, FI in the right hemisphere
responds to the cries of distressed infants,33 which are powerful social error signals. The
anterior insula (including both superior and inferior components) was activated when
partners in the prisoner’s dilemma game failed to reciprocate cooperative moves made by
the subject, another type of social error signal.34 Anterior insula and anterior cingulate
cortex are activated by prosocial signals such as love and trust,35,36 which suggests that
these structures register both negative and positive aspects of the states of social networks.
The responses of FI and LA are parametrically related to how humorous subjects judge
cartoons to be; the humorous content of the cartoons typically involved social errors.37

VENs in neuropsychiatric disorders
The VENs are implicated in several neuropsychiatric illnesses. In a stereological study,
Seeley et al.38–40 found that the VENs are specifically and selectively attacked in the early
stages of the behavioral variant of fronto-temporal dementia (FTD), in which empathy,
social awareness, and self-control are severely diminished. The VEN population of ACC is
reduced by an average of 74% in these patients, and many of the surviving VENs are
severely dysmorphic. The destruction of the VENs in FTD results from two distinct
molecular mechanisms in different patients. One mechanism is related to abnormal isoforms
of the tau protein, and the other is related to abnormal expression in the cytoplasm of VENs
of the DNA-binding protein TDP-43.38,40 The VENs are also reduced in FI.39 In contrast,
Seeley et al.38,39 found that the VENs were not significantly reduced in Alzheimer’s
dementia (AD), although a reduction had been reported in an earlier study that did not use
stereological methods.7

Agenesis of the corpus callosum is another condition in which abnormal social behavior
may be linked to reduced VEN populations. Patients with agenesis of the corpus callosum
often have impoverished and superficial relationships, suffer from social isolation, and have
interpersonal conflicts both at home and at work due to misinterpretation of social cues.41

Kaufman et al.42 found that the VENs were reduced by 50% in a subject with partial
agenesis of the corpus callosum and by 90% in a subject with complete agenesis when
compared to adult controls. The VEN loss could not be attributed to the reduction or absence
of the corpus callosum itself, because the VEN concentration in FI was normal in another
subject whose corpus callosum was destroyed as the result of a stroke 15 years before her
death. Because the surgical sectioning of the corpus callosum does not disrupt social
behavior,43 the social deficit in agenesis of the corpus callosum may be related to VEN loss.

There are many features of autism that suggest that the VENs may be involved in this
disorder.44,45 An initial stereological study of the number of VENs in area FI in four autistic
subjects plus controls did not confirm this conjecture.46 However, a second stereological
study of VENs in dorsal ACC in nine autistic subjects plus controls found that the autistic
subjects fell into two groups, one with significantly higher numbers of VENs than controls,
and the other with significantly fewer VENs than controls.47 Thus the controls occupied a
middle zone with little overlap with the high or low VEN autism groups. The results of
Simms et al.47 suggest that two different mechanisms influence the number of VENs in
autism, possibly through different effects on migration and survival. A very recent study
done in FI found a significantly higher ratio of VENs to pyramids in autistic subjects as
compared to controls.48 As in fronto-temporal dementia, in autism the VENs may be
vulnerable to more than one pathological process contributing to the disorder as it manifests
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in different individuals. The higher ratio of VENs to pyramids may paradoxically be
associated with a reduction in activity in FI. A strong linkage between reduced activity in
the right anterior insula in autistic subjects versus controls in social tasks was revealed in a
meta-analysis of 24 functional imaging studies.49

Finally, the VENs have been implicated in schizophrenia. The VENs in the right hemisphere
in ACC are reduced in number in early onset schizophrenia when compared with later-onset
schizophrenia, bipolar disorder, and normal controls.50

VEN locations and stereological counts
The locations of the VEN-containing areas FI and LA are illustrated in three-dimensional
transparent reconstructions of the right hemisphere of a human brain in Figure 1. In Figure
2, every VEN is plotted for a section through FI and adjacent cortex from a chimpanzee, a
gorilla, and a human. To the left of each section is a corresponding low-power
photomicrograph of the section.

The VEN-containing area is largely confined to the region of high flexure in the
chimpanzee, but extends medially in the gorilla and even farther in the medial direction in
the human. The transition between FI and superior anterior insula (SAI) corresponds to a
gradient in VEN density rather than a sharp border. The cytoarchitecture of area LA and the
location of the VENs in this part of anterior cingulate cortex are illustrated in von Economo2

and Nimchinsky et al.7,8 The VENs are illustrated at higher magnification in Figure 3,
which shows that they have very similar morphology in the great apes and humans. In
primates, the VENs are present in FI only in great apes and humans. This is the same
taxonomic distribution as was found for the VENs in LA,8 which suggests that the VENs
emerged as a specialized neuron type in the common ancestor of great apes and humans.
However, in orangutans we found only one out of seven individuals examined to have a
substantial VEN population in FI and LA.

Our key stereological findings are represented in the form of graphs (Figs. 4–6); a more
extensive account of the stereological findings together with the methods employed is given
in Allman et al.51 Figure 4 shows that the VENs are more numerous in humans than in apes,
but that the VENs constitute a higher percentage of the total neurons in the regions of
interest in apes than in humans. In LA, one of the individual apes (a gorilla) stands out as
having considerably more VENs than the others, approaching the lower end of the human
range. The VEN count was similarly elevated relative to the other apes in this same gorilla
in FI on the left side and also approached the lower end of the human range for this
structure; unfortunately, postmortem damage to right FI in this individual made it impossible
to make a stereological count for this structure in the right hemisphere. The relative
abundance of VENs in this gorilla is also illustrated in comparison to a chimpanzee in
Figure 2. This individual gorilla had an exceptionally enriched environment.52 Although we
can conclude nothing definitive from this isolated observation, it does raise the possibility
that VEN abundance may be related to environmental influences.

VENs emerge mostly postnatally and are more abundant in the right
hemisphere

We examined FI and LA in fetal brains at post-conception ages of 32 weeks (n = 1), 33
weeks (n = 1), 34 weeks (n = 3), and 35 weeks (n = 2), and no VENs were found. In one 36-
week post-conception brain, small numbers of VENs were present in FI and LA. Figure 5
shows that the VENs exist in relatively low numbers in FI at birth; in LA, the VENs were so
rare that we were not able to make stereological estimates in the brains of neonates. In the
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late-term neonate (42 weeks post-conception), the number of VENs in FI was considerably
higher than in the normal-term neonates (38 to 40 weeks post-conception), suggesting that
the number of VENs in FI increases immediately after the normal time of birth. The number
of VENs is significantly greater in the postnatal brains relative to the neonatal brains. The
percentage of total neurons that are VENs is relatively stable in adulthood and is similar to
the percentages observed by Seeley et al.38

Figure 6 illustrates the ratio between the number of VENs in the right hemisphere and that in
the left. In newborns, there is no clear hemispheric preference, but nearly all of the post-
natal humans and all of the apes show a clear predominance of VENs in the right
hemisphere in both FI and LA. In FI, nearly all the postnatal cases have 20–40% more
VENs in the right hemisphere, except for the eight-month-old infant, which is an extreme
outlier. In ACC, nearly all the cases show a rightward predominance, but the numbers are
much more variable than in FI. It is interesting in this context that the VENs are vulnerable
in the right hemisphere in ACC in early onset schizophrenia.50

The VENs mostly emerge postnatally, which can be seen in their numbers, concentrations,
and the formation of the hemispheric predominance of VENs on the right side in the first
few months after birth. This emergence could come about by the transformation of another
cell type into the VENs or by postnatal neurogenesis. The long, thin spindle shape of the
VENs with their sometimes undulating apical and basal dendrites closely resembles that of
migrating neurons with undulating leading and trailing processes, and this is particularly
evident in infant brains.11 Although there are many technical difficulties in experimentally
resolving whether the VENs arise by transformation or postnatal neurogenesis, future
research should reveal whether either of these possibilities is correct.

An important finding in our study is the larger number of VENs in the right hemisphere than
the left except in very young subjects, and thus that the rightward asymmetry emerges
during the first few months of postnatal life. Stereological evidence for hemispheric
differences in neuron number in primates (including humans) is very limited. Uylings et
al.53 found a trend toward a larger number of total neurons in the left hemisphere of Broca’s
area for a population of five female brains. Sherwood et al.54 found that right–left
differences in the density of parvalbumin-positive interneurons in layers 2 and 3 of primary
motor cortex in chimpanzees is linked to hand preference.

However, there is excellent evidence that the anterior cingulate cortex is larger on the right
side from a structural MRI study of 100 young adult subjects. One study found that ACC is
13% larger on the right side, while the size of posterior cingulate cortex is the same in both
hemispheres.55 There is also structural MRI data for 142 young adults that suggests that FI
is enlarged by about the same amount on the right side.56 The significantly increased
number of VENs in the right hemisphere in FI and ACC is among the few demonstrations of
hemispheric differences in neuron number based on stereological techniques, and these
rightward predominances correspond to size differences in FI and ACC observed in
structural MRI studies done in large populations of adult human subjects. The fact that these
hemispheric differences are present in both humans and great apes suggests that they may
have existed in the common ancestor of both groups. There is recent evidence from a
developmental MRI study based on 316 right-handed subjects that the anterior insular and
posterior orbitofrontal cortex is thinner on the right side than the left at age four in normal
subjects but progresses by age 20 to be significantly thicker, by about 0.3 mm, on the right
side than the left.57 The rightward asymmetry in cortical thickness for the region containing
FI in the adult brain is consistent with previous MRI studies done in adults and with the
rightward asymmetry in VEN numbers in our study; however, in our study we found a
rightward asymmetry in VEN numbers throughout postnatal life. Thus, the rightward
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predominance of VEN numbers develops before the predominance in cortical thickness in
this cortical region.

What is the biological significance of the rightward hemispheric asymmetry of the VENs in
FI and ACC? The VEN asymmetry may be related to asymmetry in the autonomic nervous
system in which the right hemisphere is preferentially involved in sympathetic activation, as
would result from negative feedback and subsequent error-correcting behavior; the left
hemisphere is preferentially involved in parasympathetic activity associated with reduced
tension or calming responses.58 Following this reasoning, there may be more VENs on the
right side, because the responses to negative feedback require more complex and more
urgent behavioral responses than do situations that are calming and involve reduced tension.
Many of these experiments probably have in common a right FI response similar to that
which has been specifically linked to sympathetic arousal as measured by the galvanic skin
response.15 A meta-analysis of coactivation of amygdala and insula involving 955 responses
in 86 papers reported coactivation between the amygdala and inferior anterior insula on both
sides, but found it to be more pronounced on the right.14 In a meta-analysis of 23 functional
imaging studies conducted in children and adolescents performing various executive
functioning tasks such as go vs. nogo, which typically involve intense focus and self-control,
Houdé et al.59 found that in children the most consistent site of activation was in anterior
insula on the left side, while in adolescents the most consistent site of activation was the
inferior anterior insula corresponding to FI on the right side. Thus, the right FI becomes
strongly engaged in executive functioning and self-control in adolescents. Houdé et al.59 say
that this change “is consistent with the fact that adolescents are often psychologically
embedded in a period of great emotional reactivity and sensitivity with negative feelings.
Recognizing the necessity of being wrong is necessary to achieve high levels of adult
adaptation and maturity in cognitive control. Our result might reflect a key transition around
the time of adolescence toward increased influence of negative feedback (i.e. error detection
and/or anticipation) on cognitive control.”

There is also some evidence of preferential leftward activation in FI and ACC involving
positive and affiliative emotions.13,35,60 The left anterior cingulate cortex was preferentially
activated when subjects relaxed and reduced their sympathetic arousal through
biofeedback.61 There is evidence that the right hemisphere of the brain is related to
sympathetic arousal and the left hemisphere to parasympathetic quietude.58,62,65 This
autonomic asymmetry is consistent with the proposal that the right hemisphere responds to
the unexpected and the left hemisphere to more routine stimuli.64 There is also evidence for
this autonomic asymmetry from electrical stimulation of the insular cortex on the right and
left sides in human subjects.65 Craig58 suggests that sympathetic activation on the right side
and consequent energy expenditure by the organism, and parasympathetic activation on the
left and energy conservation together, function to serve as a balancing mechanism for
managing the organism’s energy resources. These mechanisms involve in part highly
conserved circuits in the vagal complex that regulate respiration and the production of
vocalizations throughout vertebrates.66

VENS in evolution
In immunocytochemical studies, many VENS in FI and LA express gastrin-releasing peptide
(GRP) and neuromedin B (NMB), which are bombesin hormones involved in gastric
function and peristalsis in the gut and satiety in the brain.46,67 GRP and NMB are expressed
in very specific populations of neurons in anterior insula and anterior cingulate cortex in
mice in the in situ hybridization maps in the Allen Brain Atlas (http://www.brain-map.org/).
These findings, together with the presence of VENs in the apparent homologs of FI and
ACC in such phylogenetically diverse mammals such as apes, humans, elephants and
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whales, suggests that they are derived from common populations of neurons in anterior
insula and anterior cingulate cortex that were present in primitive mammals.68–70 The
existence of VENs in primates is not related to relative brain size or encephalization.51

Instead, it appears to be related to absolute brain size. The VENs are present in primates
with adult brain sizes greater than about 300 grams and in elephants and whales, which also
have very large brains. We suggest that large brain size and complex social behavior both
favor specialized neural systems for rapid communication within brain circuits. Large brains
may be inherently slower because of the greater distances over which messages must be
sent. Large brains also suffer from the limitations associated with packing large myelinated
axons into a restricted space. The corpus callosum in large brains has small numbers of very
large axons.71 These very large axons may relay the gist of the information between the
hemispheres, which is then followed by more detailed information communicated by
smaller, slower-conducting axons. These very large axons would thus enable the fast
communication between the hemispheres that would otherwise be limited by size and
distance in large brains while conforming with the packing constraint that would not allow
the scaling up of all axons because of spatial limitations. We suggest that there is an
analogous temporal division of labor between the VENs and the neighboring pyramids,
which may serve as a compromise between the needs for rapid communication and the
inability to enlarge all axons.71 We believe that the large size and simple dendritic
architecture of the VENs supports the conjecture that they are built for speed. We predict
that the axon calibers of the VENs are larger than in the neighboring pyramids and that the
VEN axons are faster conducting than their neighbors. The evolution of the VENs may be
an adaptation related to large brain size allowing the gist of the information processed within
a cortical column to be relayed rapidly to other brain structures. This putative rapid relay
may be particularly important for the relay of social decisions, although not restricted to the
social domain.26,41 Complex social behavior is often fast-paced, and this puts a premium on
the capacity to respond quickly to changing conditions. A basic function of FI may be to
register feedback crucial for initiating fast adaptive responses to changes, which would be
consistent with the activity of FI preceding linked activity in ACC and other cortical areas.72

We found two interesting differences between the distribution of VENs in humans and in
apes. The first difference between humans and apes is the relationship between VEN
location and agranular insular cortex, i.e., insular cortex lacking a layer 4. In humans, area
FI, which is defined by the presence of VENs, appears to correspond to most of agranular
insular cortex as delinated by Rose.73 However, in apes, area FI appears to correspond to a
smaller part of the total agranular insular cortex. This difference may explain why there are
typically considerably more VENs in humans than in apes. The second difference between
humans and apes is that the density of VENs relative to other neurons is significantly higher
for apes than humans in FI and ACC. One possible explanation for this surprising finding is
that there may be other specialized neuronal populations that are differentially expanded in
humans relative to apes.

The anterior insula and VENs may be linked to awareness
Recent work suggests that the anterior insula is involved in awareness.74–76 This connection
with awareness was initially suggested in an fMRI experiment by Kikyo and Ohki,77 in
which they observed activity in anterior insula when subjects reported the subjective sense
of knowing a word before recalling it in a memory task, which these authors called the
“feeling of knowing.” More recently, in an experiment employing a behavioral paradigm in
which objects gradually emerge from noise, Ploran et al.74 found that the activity of anterior
insula was strongly linked to the moment when the subjects became aware of the identity of
the object.74 More recent work from the same group has identified several components of
this activity, including one in inferior anterior insula, particularly on the right side.75 Devue
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et al.78 found foci of activity in FI and LA in subjects when viewing their own faces as
compared with the familiar faces of colleagues, suggesting that these foci may be involved
in discriminating self from other. We have proposed44 that the VENs and related circuitry
are involved in rapid intuition, which, like perceptual recognition, involves immediate
effortless awareness rather than the engagement of deliberative processes. Recently, Aziz-
Zadeh et al.79 found that when subjects were solving anagrams and arrived at rapid
insightful solutions (“aha” moments), both anterior insula and anterior cingulate cortex were
activated. These aspects of awareness are not limited to body states, but involve visual and
linguistic experiences as well, suggesting the hypothesis that the role of anterior insula in
awareness may include most or all aspects of perception and cognition. An extension of this
hypothesis is that the VENs in FI serve as a fast relay of this information to other parts of the
brain.
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Figure 1.
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Figure 2.
Photomicrographs of frontal sections through area FI in a 39-year-old male chimpanzee, a
27-year-old male gorilla, and a 1.6-year-old male human. On the right side are outlines of
the corresponding sections in which the location of each VEN has been plotted. There are
354 VENs plotted in the chimpanzee, 919 in the gorilla, and 2415 in the human plotted by
scanning through the different depth planes with a 40X oil immersion lens with the aid of
Stereoinvestigator software. The sections were 100 micra thick. All images are represented
at the same scale. The sections are from FI on the right side except for the gorilla, in which
FI was damaged during histological processing and instead the left FI has been used and the
image reversed for ease of comparison with the other cases. The locations of the higher
magnification photomicrographs shown in Figure 4 are indicated by arrows in the low power
photomicrographs. The section illustrated for the gorilla corresponds approximately to
Figure 12B, which shows the location of the seed voxels for the tractography done in the
same individual. FI, fronto-insular cortex; SAI, superior insular cortex.
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Figure 3.
VENs in area FI of humans and great apes. Photomicrographs are of Nissl-stained sections.
All panels share the scale indicated in the central panel.
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Figure 4.
A comparison of the number and proportion of VENs in area FI and ACC of adult humans
and great apes. (See Tables 2 and 3 for data.) Bars indicate the average of all data points in a
given column. (A) The number of VENs in area FI (both hemispheres combined). FI
contains many more VENs in humans than in great apes (P = 0.001). (B) The percentage of
neurons in area FI that are VENs. Although the great apes have a smaller total number of
VENs in FI, the have a higher proportion of VENs to non-VEN neurons in FI (P = 0.029).
(C) The number of VENs in ACC (both hemispheres combined). As in area FI, humans have
more VENs than the great apes (P = 0.016), although this difference is less great in ACC.
(D) The percentage of neurons in ACC that are VENs. Again, as in FI, the great apes have a
higher percentage of neurons that are VENs (P = 0.016). All comparisons are Mann–
Whitney U tests.
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Figure 5.
The number of VENs increases after birth. The number of VENs in right hemisphere FI in
humans of different ages. VEN numbers are low in neonates and increase after birth. The
eight-month-old individual examined had markedly more VENs in the right hemisphere than
any other subject in this study; this might possibly be due to individual variation. The right
hemisphere VEN measurement in this individual was repeated with similar results (see
Table 2). The difference between the number of VENs in right FI for pre- and post-natal
subjects was statistically significant (P = 0.0029), and this significance remained when the
eight-month-old individual was removed from the comparison (P = 0.0040). The number of
VENS in left FI and in both hemispheres together was also significantly different for pre-
and post-natal individuals (P = 0.0056 for both). Significance was determined using the
Mann–Whitney U test.
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Figure 6.
The ratio of the number of VENs in the right hemisphere to the number of VENs in the left
hemisphere. (A) In postnatal humans and great apes, there are consistently more VENs in FI
on the right side. This ratio develops after birth. In neonates, the numbers in each
hemisphere are almost even, while in infants, juveniles, and adults there are many more
VENs in the right hemisphere. When the numbers of VENs in the right and left hemispheres
were compared for FI in the postnatal cases, the difference was statistically significant both
with and without the eight-month-old outlier (P = 0.0039 for all postnatal humans and P =
0.0078 without the eight-month-old case). For postnatal apes and humans combined, the
hemispheric difference for FI was significant at P < 0.0001. (B) The ratio of VENs in right
and left LA. This ratio is less consistent than in area FI, but in almost all cases there are
more VENs on the right side. When the number of VENs in the right and left hemispheres in
postnatal humans was compared for LA, the result was statistically significant (P = 0.03).
When postnatal apes and humans were combined, the difference was significant at P =
0.001. Significance was determined using the Mann–Whitney U test.
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