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a b s t r a c t

The human brain confronts two major challenges during its development: (i) meeting a very high energy
requirement, and (ii) reliably accessing an adequate dietary source of specific brain selective nutrients
needed for its structure and function. Implicitly, these energetic and nutritional constraints to normal
brain development today would also have been constraints on human brain evolution. The energetic
constraint was solved in large measure by the evolution in hominins of a unique and significant layer of
body fat on the fetus starting during the third trimester of gestation. By providing fatty acids for ketone
production that are needed as brain fuel, this fat layer supports the brain’s high energy needs well into
childhood. This fat layer also contains an important reserve of the brain selective omega-3 fatty acid,
docosahexaenoic acid (DHA), not available in other primates. Foremost amongst the brain selective
minerals are iodine and iron, with zinc, copper and selenium also being important. A shore-based diet,
i.e., fish, molluscs, crustaceans, frogs, bird’s eggs and aquatic plants, provides the richest known dietary
sources of brain selective nutrients. Regular access to these foods by the early hominin lineage that
evolved into humans would therefore have helped free the nutritional constraint on primate brain
development and function. Inadequate dietary supply of brain selective nutrients still has a deleterious
impact on human brain development on a global scale today, demonstrating the brain’s ongoing
vulnerability. The core of the shore-based paradigm of human brain evolution proposes that sustained
access by certain groups of early Homo to freshwater and marine food resources would have helped
surmount both the nutritional as well as the energetic constraints on mammalian brain development.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

The adult human brain weighs about 1350 g or about three
pounds (Allen et al., 2002), which is about three times more than in
either Australopithecus afarensis or large apes today (Table 1). The
human brain is large not only in absolute size but, at w2% of adult
body weight, is also large in proportion to body size. The hominin
fossil record provides few clues to explain howandwhy the brain of
Homo sapiens evolved to become so much larger and so muchmore
cognitively developed than in non-human primates.

Normal brain development in the infant is a prerequisite for
optimal brain function in the adult so potential constraints on brain
development have implicit significance for understanding
constraints on evolving higher functionality of the primate brain.
.ca (S.C. Cunnane), michael.
The brain in newborn humans represents about 13% of lean body
weight, which is about 30%more than for the newborn chimpanzee
(Table 1). It also has a very high energy requirement, greatly
exceeding that of the rest of the body combined (Fig. 1). This
remarkable situation provides insight into the uniqueness of hu-
man brain evolution: how did so much energy metabolism get
focused on the neonatal brain when it is not really able to
contribute to survival until the child is at least five to six years old,
i.e., long after the age at which other primates are semi- if not
totally autonomous?

To expand three-fold over the past two to three million years,
the early hominin brain had to overcome at least two constraints:
(i) an energetic constraint: increasing energy requirements as the
brain size increased, and (ii) a nutritional constraint: increasing
requirements for nutrients that play a specific role in mammalian
brain structure, development and function. The energetic
constraint is synonymous with the ‘metabolic’ constraint described
in earlier publications (Cunnane, 2010) but ‘energetic’ is perhaps
the more appropriate term given that it refers exclusively to
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Table 1
Brain and body weights of several species of australopithecine (A.) and Homo (H.),
compared with Pan troglodytes (revised from Cunnane, 2010).

Brain weight (g) Brain/body (%)

A. afarensis (3.6e2.8 Ma) 455 1.7
A. africanus (3.0e2.2 Ma) 450 1.0
H. habilis (1.9e1.5 Ma) 600 1.7
H. erectus (1.8e0.3 Ma) 940 1.6
H. heidelbergensis (600e200 ka) 1200 1.8
H. neanderthalensis (200e40 ka) 1450 1.9
H. sapiens (100e10 ka) 1490 2.4
H. sapiens (present day)

Adult male 1350 2.3 (2.7a)
Newborn 380 10.9 (13.1a)

Pan troglodytes
Adult male 400 0.9
Newborn 160 10.0

Ma e millions of years ago, ka e thousand of years ago.
a Corrected to lean body weight since present-day primates have very low body

fat content, a condition also presumed to have existed in australopithecines and
early Homo.
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meeting energy requirements. Similarly, the nutritional constraint
is synonymous with the ‘structural’ constraint described elsewhere
because the nutrients tend to be needed for cellular structure and
function. Nevertheless, the distinction between these two con-
straints is imperfect because they have a certain degree of overlap
with each other, especially during infancy. Either constraint alone
can delay and/or permanently foreshorten cognitive development
in infants today, so it is important to emphasise that surmounting
just one of these two constraints alone would not have been suf-
ficient to push human brain evolution forwards. Therefore, the path
towards hominin brain expansion involved a long period of in-
vestment in overcoming the energetic and nutritional vulnerability
of the brain during infant development, a vulnerability that is
greater in humans than other species and remains with us to the
present day.
Figure 1. Brain size and energy consumption in the human from birth to adulthood
(modified from Holliday, 1971). Normal infant brain development is a prerequisite for
optimal brain function in the adult so the challenge is to explain how the dispropor-
tionate brain size and energy consumption evolved in the human infant.
The shore-based paradigm of human brain evolution proposes
that hominins destined to become humans surmounted the brain’s
developmental vulnerability by exploiting shore-based habitats
that provided abundant and sustained access to a wide selection of
foods rich in brain selective nutrients. This paradigm also proposes
that occupying the shore-based habitat was associated the evolu-
tion of neonatal body fat reserves, which were just as important for
optimal human brain development. Deposits of subcutaneous body
fat are not unusual in adult mammals but, with the exception of
humans, are not present in the neonates of non-human primates.
The particularly high energy needs of the developing human brain
suggest that fuel stored as body fat in the newborn plays a critical
role in early brain development. By providing access to an enriched
dietary source of brain selective nutrients and by permitting evo-
lution of body fat, a shore-based habitat masked the neuro-
developmental vulnerability that is still a hallmark of human
infants today. Together, these two developments in early hominins
led eventually to evolution of the modern human brain.

Vulnerability of the developing brain

Brain development passes through a series of processes that, in
essence, starts with overproduction of neurons, followed by their
migration to specific layers within the brain, then pruning of excess
neurons, followed by myelination. This highly regulated and com-
plex process involves a sequence of critical periods in brain
development such that successful completion of a given period
depends on (and is therefore vulnerable to) the successful
completion of the preceding period. Deficits and distortions in
brain maturation can occur both within specific regions of the brain
and also in the brain as a whole compared with the rest of the body
(Dobbing, 1985). These disruptions can arise because genetic or
environmental circumstances block the completion of a critical
period at the moment or in the sequence prescribed. The problem
can be at one or more levels, including the migration of a certain
cell type, or the maturation of a neural network, or region of the
brain. When this maturation process is disrupted, optimal brain
function is frequently not achieved in the adult. Brain selective
nutrients are key players in this step-wise process.

There are two strategies to reduce this neurodevelopmental
vulnerability: (i) restrict brain size and cognitive potential, or (ii)
assure a richer and more reliable supply of fuel and brain selective
nutrients. Thus, it would have been advantageous if the human
brain could have evolved without needing a higher fuel require-
ment. However, the cost of a lower fuel requirement would be less
development of the metabolically expensive process of establishing
and maintaining advanced connectivity between neurons, which is
the hallmark of cognitive capacity in humans. The hominin solution
to this trade-off was to evolve a better brain fuel reserve in the form
of body fat stores that start to form in the fetus during the last third
of gestation. Compared with all other non-human primates or
terrestrial animals in general, the fat store in human neonates
provides a far more significant reserve not only of fuel but also of
certain key fatty acids needed for the structural integrity of the
brain. Without having evolved a specialized fuel reserve to support
the developing brain, non-human primates were restricted to a
lower cognitive development and functionality. However,
compared with humans, they retained the key advantage of lower
brain vulnerability during early development.

Challenging aspects of brain energy metabolism

Several challenges for brain energy metabolism arose in mam-
mals and became more acute in species with larger brains. First is
the brain’s high metabolic rate, i.e., its high energy needs (Table 2).
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In order to regenerate its cellular fuel, adenosine triphosphate, the
brain has to process glucose through the tricarboxylic cycle. In
addition, the amino acid, glutamate, is a key neurotransmitter but it
can also trigger undesirable signals if its concentration in the brain
rises too much. A large part of the brain’s energy expenditure is
used to keepmolecules like glutamate accessible to certain neurons
but also appropriately compartmentalised through a sophisticated
system of selective transport and compartmentalisation
(Magistretti, 2004).

Second is the blood brain barrier, which essentially seals off the
brain from large molecules that circulate in the blood. Large,
complex molecules, including many different proteins, can dock at
receptors on the capillaries of the brain but the blood brain barrier
blocks their direct access to the brain. Specific transporters have
evolved for the brain to take up smaller molecules like glucose. This
selective filtering process is critical to brain integrity but is also
metabolically extremely costly (Pardridge, 1991). Hence, not only is
brain function itself metabolically expensive but so is the mainte-
nance of the blood brain barrier.

Third, unlike in other tissues, brain glucose uptake is mostly
independent of whether blood glucose or insulin is high or low.
This relative insensitivity to insulin is important for maintaining a
steady rate of brain glucose utilisation by preventing wide swings
in brain glucose uptake as blood glucose and insulin change after
each meal. The challenge is that when blood glucose decreases for
more than a few hours, the brain rapidly needs to be supplied with
a different fuel. Most tissues use long chain fatty acids (16 and 18
carbon fatty acids such as palmitic, stearic and oleic acids) as the
back-up to glucose but this was not an option for the brain. The
brain was unique in coming to depend on ketone bodies (ketones)
instead of fatty acids as the back-up to glucose (see Ketones: The
key to brain fuel security, below).

Fourth, in muscle and liver tissue, a significant amount of
glucose can be stored as glycogen, but storage of glycogen requires
three to four grams of water for each gram of glycogen produced,
making this form of glucose reserve physically very bulky. This is
not a problem for liver or muscle tissue, which is not encased by
bone but cannot be accommodated by the inflexible cranial space
that is fully occupied by the brain. The brain does contain a supply
of glycogen that could last for a fewminutes but this small (though
possibly important) energy reserve is not able to serve as a long-
term fuel reserve. Hence, despite its high energy needs, the brain
could neither store glucose nor exploit the fuel alternatives to
glucose available to other tissues (fatty acids); a different solution
was needed.

High brain energy requirement: the first key constraint

The brain’s energy requirement is essentially constant regard-
less of the cognitive effort being expended at any particular
Table 2
Challenges to expanding brain energy requirements and brain size.

1. Maintaining the electric potential of neurons and the activity of synapses
consumes a lot of energy.

2. Restricted access to the brain of potentially suitable energy substrates to
replace glucose. Despite the brain’s ability to oxidize fatty acids, they are
largely inaccessible to the brain.

3. Unlike in other tissues, brain glucose uptake is driven by neuronal activity
and is largely insensitive to insulin, the principle hormone controlling
glucose uptake in other tissues.

4. Glycogen is an important fuel reserve in muscle and liver but only a minor
fuel reserve for the brain. This is mainly because storage of glycogen requires
a lot of water, which takes up a lot of physical space that is not available
within the confined limits of the cranium.
moment (Magistretti, 2004). On a normal pattern of food intake
(three meals per day), the brain runs almost exclusively on the six
carbon sugar: glucose. The adult human brain consumesw3e4 mg
of glucose per 100 g of brain tissue per minute or about 100 g (a
quarter pound) of glucose per day. Thus, the adult brain’s energy
requirement is equivalent to about 20e23% of the body’s daily
energy intake. In the newborn human brain, the value is a
remarkable 74% (Fig. 1).

Blood glucose is derived mostly from dietary carbohydrates, i.e.,
starches and sugars. When blood glucose declines after more than
two to three hours of fasting, glucose can be made by gluconeo-
genesis from other molecules such as glycerol, which is produced
during fat metabolism, or from amino acids in tissue protein.
However, both routes are very short-term solutions that are not
adequate to supply the brain’s energy needs for even a few days.
Other tissues use long chain fatty acids stored in body fat to replace
glucose as a fuel but this is not an option for the brain because fatty
acids cross the blood brain barrier too slowly.

Ketones: the key to brain fuel security

To provide longer-term back-up fuel insurance for a large and
expanding brain, a different energy substrate not involving glucose
or tissue breakdown was needed. Ketones (beta-hydroxybutyrate,
acetoacetate, and acetone) became the alternative fuel backing up
glucose for the adult human brain. Ketones are small molecules
derived from fatty acid oxidation, principally in the liver (Fig. 2).
Brain uptake of ketones increases in direct proportion to ketone
levels in the blood (Cunnane et al., 2011). Thus, when fasting starts,
the initial rate of brain ketone uptake is relatively slow because
plasma ketone concentrations are low and because the mono-
carboxylic acid transporters are still not fully activated for ketone
transport. If fasting goes beyond four to six hours, the normal
stimulation of insulin production by carbohydrate intake decreases
markedly, thereby permitting release of free fatty acids from fat
stores into the blood. Free fatty acids replace glucose for most or-
gans and drive ketone production in the liver, allowing brain uptake
of ketones to become fully activated.

The amounts and activities of the enzymes in the brain needed
to metabolise ketones always exceed what is necessary to supply
the brain’s fuel needs, even during fasting or starvation (Fukao
et al., 2004). Hence, ketone utilization is a constitutive feature of
the brain and not an adaptive response, i.e., the brain is used to
metabolising ketone bodies and is always prepared to use them as
soon as they are available (Cunnane et al., 2011). Ketones can
seamlessly replace an inadequate supply of glucose to meet up to
two-thirds of the adult brain’s energy needs (Owen et al., 1967).

There are three key advantages to having ketone bodies as the
main alternative fuel for the adult human brain. First, humans
Figure 2. Ketone body synthesis. Two-way arrows indicate reversibility of the step.
Acetoacetate and beta-hydroxybutyrate both have four carbons. Acetone has three
carbons and is formed by the spontaneous decarboxylation of acetoacetate (modified
from Cunnane, 2005).
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normally have significant body fat stores so the supply of fatty acids
needed to make ketones is more than adequate. Second, using
ketones for up to two-thirds of the brain’s energy requirement
greatly reduces the risk of detrimental muscle breakdown or
compromised function of organs, the protein fromwhich would be
needed to make glucose if fasting lasts more than a few hours.
Third, by using ketones, the brain competes less with cells that have
no choice but to use glucose, i.e., red blood cells.

Unlike in the adult brain where ketones are an alternative fuel
when glucose is not sufficiently available, in the neonate, ketones
are an essential brain fuel because glucose alone cannot meet the
developing brain’s energy needs (Adam et al., 1975; Robinson and
Williamson, 1980; Cremer, 1982). Ketone body uptake by the
brain is four to five times faster in newborns and older infants
compared with adults, so the developing brain appears equipped to
exploit ketones in proportion to its higher energy needs. The lower
dependence on ketones of the adult comparedwith the infant brain
implies that the former is a vestige of the latter; ketones became
optional for the adult brain but remained essential fuels for the
infant brain.

Ketones are also the main source of carbon to make cholesterol
and some long chain fatty acids (palmitic, stearic, oleic acids) that
are important structural lipids in the developing brain. These lipids
constitute about 45e50% of the solid matter of the human brain
and are crucial components of neuronal membranes. Interruption
of brain cholesterol synthesis has catastrophic consequences for
brain development in all mammalian species. The majority of brain
cholesterol is made within the brain itself from carbon supplied
mostly from ketones (Edmond, 1974; Jurevics and Morell, 1995;
Cunnane et al., 1999). Hence, whether cholesterol or saturated
fatty acids are high or low in the diet has no bearing on their uptake
by the brain; the brain can only meet its needs for these important
lipids by endogenous synthesis, in large measure from carbon
provided by ketones.

Mammalian milk contains short- and medium-chain fatty acids
(4e14 carbons in length), which are particularly ketogenic, i.e., they
are the best ketone precursors. These ketogenic fatty acids repre-
sent up to 23% of all fatty acids in ruminant milk while in human
milk they account for about 15e17% (Sarda et al., 1987). An
important feature of ketone production in the mammalian neonate
is that, once in the gut, absorption of short and medium-chain fatty
acids in milk follows a different path from that of long chain fatty
acids (see Changes in other organ systems facilitated brain evolu-
tion, below). During lactation, the brains of most neonatal mam-
mals probably use ketones to some extent. Once lactation ceases in
mammals other than humans, there is no longer an incoming
supply of these ketogenic medium chain fatty acids found in milk.
In contrast, with their stores of body fat that accumulate some
medium chain fatty acids, human infants have access to ketones
well beyond weaning. Because there is so little body fat in other
mammalian neonates, there is also almost no reserve of long chain
fatty acids to make ketones, even during starvation.

The ability of the adult brain to switch to ketones to replace
glucose is not unique to humans but seems to be much better
developed in humans than in other omnivorous mammals
(Robinson and Williamson, 1980). Adult carnivores like dogs ach-
ieve negligible ketogenesis during fasting but also have smaller
brains and markedly lower brain energy needs. Hibernating
mammals like bears are believed to meet their brain energy re-
quirements from fat breakdown, which liberates sufficient glycerol
to compliment/replace glucose without the need to produce large
amounts of ketones. The brain is also proportionally smaller in
other animals than in humans so meeting its energy requirement is
therefore less dependent on an alternative to glucose (Robinson
and Williamson, 1980).
Body fat: the infant brain’s unique energy reserve

Mostmammals acquire a layer of fat as theymature or if they are
domesticated or become more sedentary (Pond, 1992). However,
amongst primates, body fat in the near-term fetus and neonate is
unique to humans (Kuzawa, 1998; Cunnane, 2005). During the first
two-thirds of gestation, the human fetus is very lean like the fetuses
of other mammals but at 25e26 weeks gestation, subcutaneous fat
cells begin develop and accumulate fats. This process leads to body
fat doubling in the fetus during the next six to seven weeks and
more than tripling by the end of a term pregnancy (39e40 weeks).
As a result, 500e600 g of fat will normally be present in the human
fetus if it is born at term (Widdowson, 1974; Harrington et al.,
2002). Babies born five weeks prematurely have about 50% less
fat than they should, while those born ten weeks early have about
85% less fat than they should.

Human baby fat is different from adult body fat in several ways.
(i) Body fat in the infant is about 25% water and 70% stored fat,
whereas in adults it is about 10e12% water and >85% stored fat. (ii)
Unlike adults, baby fat is almost all directly under the skin (sub-
cutaneous fat) and next to none is present as visceral fat sur-
rounding the abdominal organs (Harrington et al., 2002). (iii) Of the
fatty acids in newborn body fat, greater than 90% are saturated or
monounsaturated. Correspondingly, there are very low amounts of
the two primary dietary polyunsaturated fatty acids, the omega-6
fatty acid, linoleic acid, and the omega-3 fatty acid, alpha-
linolenic acid (Hirsch et al., 1960; Sarda et al., 1987). Linoleic and
alpha-linolenic acids are typically found at a total of 10e15% in
adult body fat, an amount corresponding to their consumption
from vegetable oils in the diet. (iv) Compared with adults, baby fat
contains three to four times more arachidonic acid and docosa-
hexaenoic acid (DHA; 22:6u3), both of which are extremely
important for brain development (Farquharson et al., 1992). Neither
arachidonic acid nor DHA are very easily beta-oxidized to CO2, i.e.,
they are much less important as fuels than palmitate, stearate,
oleate or linoleate. In contrast, of all the long chain fatty acids,
arachidonic acid and DHA are themost easily released from adipose
tissue stores (Raclot and Groscolas, 1993). Arachidonic acid and
DHA are stored in infant body fat strictly as a reserve for structural
purposes, especially in the developing brain, rather than as fuels
(see Baby fat: The brain’s DHA and fuel reserve, below). Thus fetal
body fat is different in composition and serves a function that
differs somewhat from adult fat, which is simply an energy store
mirroring the composition of dietary fat.

Nutrients for brain structure and function: the second key
constraint

Certain nutrients must be present in the diet to assure optimal
mammalian development, maturation and reproduction. These
nutrients include a number of amino acids, vitamins, minerals and
fatty acids. ‘Brain selective nutrients’ is a term that was coined to
signify those nutrients that are needed for optimal brain devel-
opment and that would therefore have facilitated human brain
evolution (Cunnane and Crawford, 2003). Of course, it does not
imply that these nutrients exist only in the brain or that they have
no role in other organs. Brain selective nutrients can be divided
into three groups: (i) brain selective minerals, (ii) brain selective
fatty acids, and (iii) brain selective vitamins. There are at least five
brain selective minerals: iodine, iron, zinc, copper and selenium.
There is probably only one brain selective fatty acid: DHA. The
brain selective vitamins are less well studied but there are prob-
ably at least two: vitamins A and D. At present, none of the
indispensable (essential) amino acids are known to be a brain
selective nutrient.
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Three features characterise brain selective nutrients (Cunnane,
2010):

(i) A minimum amount of each brain selective nutrient is
required in the diet on a regular basis to permit normal
development of the human brain. If these nutrients are not
present in the diet in sufficient amounts, brain development
will be suboptimal in proportion to the degree of their di-
etary deficiency.

(ii) There is a cluster of brain selective nutrients, each with a
separate and distinct role in brain development and function.
Inadequate intake of any one brain selective nutrient results
in specific symptoms regardless of the sufficiency of the
others. Severity of the symptoms of deficiency of a brain
selective nutrient depends on the body’s ability to conserve it
in the face of its deficient intake. The best known brain se-
lective nutrients are DHA, iodine and iron, so, for the
moment, they form the nucleus of this nutrient cluster.
Iodine and iron both control different aspect of energy
metabolism (see Iodine and iron: The two main brain se-
lective nutrients, below). Docosahexaenoic acid is important
in neuron-to-neuron communication (see Docosahexaenoic
acid: The brain selective omega-3 fatty acid, below) and its
synthesis is iron-dependent.

(iii) A generous supply of brain selective nutrients supported,
indeed, was probably essential for, hominin brain expansion.
The corollary is that inadequate intake of the cluster of brain
selective nutrients would have been a significant impedi-
ment to human brain evolution.

Inadequate intake of brain-selective nutrients is more severe in
some geographical regions than others but, on a global scale, it is a
massive public health problem. Low intake of brain selective nu-
trients is much less prevalent in populations regularly consuming
fish and shellfish, a point crucial for the link between brain selec-
tive nutrients, shore-based diets and human brain evolution
(Crawford et al., 1997; Crawford, 2010; Cunnane, 2010). The
extensive prevalence of suboptimal brain development in humans
subsisting on diets providing inadequate amounts of brain selective
nutrients underlies the ongoing developmental vulnerability of the
human brain; this vulnerability was clearly not eliminated but
rather probably increased as the brain expanded during its
evolution.

Iodine and iron: the two main brain selective minerals

At least a billion people today have deficient intake of iodine and
iron, making these two minerals the two main brain selective
minerals. Indeed, without the use of iodized table salt for nearly a
century now, the problem of suboptimal brain development and
occasional clinical cretinism due to dietary iodine deficiency would
be far worse than it actually is today. The importance of iodine for
normal fetal and post-natal brain development is principally due to
its role in thyroid hormone production. Thyroid hormones,
thyroxine and triiodothyronine, control body energy metabolism
and, hence, body temperature (Pharoah et al., 1971; Dussault and
Ruel, 1987). They are also important for the normal development
of the nervous system.

The legal requirement that iodine be added to certain foods,
particularly table salt, demonstrates the ongoing severity and
global scale of the public health problem of iodine deficiency.
Iodine deficiency is most prevalent in mountainous and/or inland
areas (Venturi et al., 2000; Cunnane, 2005; Venturi and Bégin,
2010) and is contributing to an increasing risk of hypothyroidism
in women of child-bearing age in many developed regions
including Australia, Europe and the United States (Cunnane, 2010).
Iodine deficiency arises when fish, shellfish or other coastal plants
are not consumed and is exacerbated by the intake of goiterogens in
plants such as cassava. Fish, shellfish and coastal plants, particularly
algae and seaweed, are the richest and most bioavailable food
sources not only of iodine but of all the brain selective nutrients
(Cunnane, 2010).

Dietary iron deficiency is an important cause of suboptimal
neurodevelopment on a global scale equivalent to that of iodine
deficiency (Ramkrishnan, 2002). Iron deficiency compromises
several components of brain and behavioural development
including visual attention, concept acquisition, verbal scores, and
school achievement (Pollitt, 1993). Like iodine deficiency, iron
deficiency is associated with poorer performance on cognitive tests
(Lozoff and Brittenham,1986; Pollitt andMetallinos-Katsaras,1990;
Pollitt, 1993). Iron deficiency is almost always present where the
population is poor (whether rural or urban) and where diets are
cereal-based, i.e., when meat or fish are rarely or never consumed.

Docosahexaenoic acid: the brain selective omega-3 fatty acid

Docosahexaenoic acid is an integral part of membrane phos-
pholipids of neurons throughout the brain. Synapses, the contact
points between neurons, are particularly enriched in DHA. It is in
this structural role that DHA participates in processes linked to
learning and memory, but the specific molecular mechanism by
which this occurs is still poorly understood. Learning and memory
are almost always compromised under clinical or experimental
conditions causing lower brain DHA. These conditions may be ge-
netic in origin, i.e., low DHA synthesis in Zellweger Syndrome, or
may be induced by experimental dietary depletion of omega-3 fatty
acids. All stages of the life cycle seem to be affected, thoughmore so
during vulnerable periods such as infancy and old age.

There are three reasons why DHA is probably the only brain
selective fatty acid:

(i) A specific and irreplaceable lipid component: The unique
specificity of DHA in photoreceptor function is well known
throughout the animal kingdom. No other polyunsaturated
fatty acid, not even DHA’s two closest homologues, the
omega-3 and the omega-6 docosapentaenoic acids (22:5n-3
and 22:5n-6, respectively), can replace DHA in the highly
specialized photoreceptor membrane (Crawford, 2010). The
specific requirement for DHA is best known in the photore-
ceptor but the analogous situation occurs in the neuronal
synapse.

(ii) DHA synthesis is insufficient: Humans possess functional
forms of the enzymes used to make DHA from shorter chain
omega-3 fatty acids so in theory can make some DHA
endogenously. However, numerous studies show that
humans are capable of converting less than 0.5% of the pre-
cursor omega-3 fatty acids, alpha-linolenic acid or eicosa-
pentaenoic acid, to DHA (reviewed by Plourde and Cunnane,
2007). Infants are reportedly better able to synthesize DHA
from its omega-3 precursors than adults, but the brain of a
six month old infant not consuming pre-formed DHA still
accumulates about 50% less DHA than the brain of a breast-
fed infant (Farquharson et al., 1992; Makrides et al., 1994;
Cunnane et al., 2000, Fig. 3). Since the brain of human in-
fants accumulates so much less DHA if pre-formed DHA is
not provided in the diet (or milk), the synthesis route alone is
clearly not able to meet the brain’s DHA requirement. Thus,
the developing human brain unequivocally needs to be
provided with pre-formed DHA or it will not be able to
optimally accumulate DHA.



Figure 3. Docosahexaenoic (DHA) acid accumulation in the first six months of life
depending on whether the infant was breast-fed (-) or formula-fed a milk containing
no DHA (,). In the formula-fed infant, the brain accumulates about 50% of the DHA
accumulated by the brain of the breast-fed infant, while the rest of the body loses DHA
(from Farquharson et al., 1992; Makrides et al., 1994; Cunnane et al., 2000). The
interpretation is that without incoming, pre-formed DHA, brain DHA accumulation in
the infant is suboptimal, irrespective of some capacity of the infant to synthesize DHA.
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(iii) A complicated route to DHA synthesis: DHA synthesis de-
pends on an alternating series of desaturation and chain
elongation of enzymes that are catalysed by a number of
different cofactor nutrients, including iron, zinc, vitamin B6,
and magnesium (Plourde and Cunnane, 2007). As a result, in
all mammals (not just humans), DHA synthesis depends on
the nutritional adequacy of these cofactors as well as on the
amount of precursor omega-3 fatty acid in the diet. As
explained in point 2 above, assuming for the sake of argu-
ment that the low rate of DHA synthesis (0.5%) was adequate
to meet the DHA requirements of the adult, the dependence
of this pathway on multiple nutrient cofactors still makes
DHA synthesis a much less reliable way to get DHA into the
body than consuming it directly. The need for iron in this
pathway combined with the extremely widespread preva-
lence of iron deficiency in the world today makes it even less
plausible that the increasing requirement for DHA for the
evolving human brain would have been provided by its
synthesis route as opposed to obtaining it pre-formed in the
diet.
Baby fat: the brain’s DHA and fuel reserve

At birth, body fat contains very low amounts of polyunsaturated
fatty acids; at most 1e2% of all the fatty acids present (Farquharson
et al., 1992). However, this small depot includes significant amounts
of DHA, which, when multiplied by the 500e600 g of fat normally
present at birth, represents a reserve of about 1000 mg of DHA
(Fig. 3). Docosahexaenoic acid accumulation in the brain during the
first sixmonths of life occurs at a rate of about 10mg per day, and in
the whole body at about 20 mg per day. Hence, pre-formed DHA in
body fat at birth represents a supply for the infant that could last for
at least 50 days in the absence of any other source of DHA (Cunnane
et al., 2000). Some DHA synthesis occurs in the infant and, if breast-
fed, maternal milk is also a major source of pre-formed DHA. This
redundancy in the availability of DHA (in fat stores, milk and some
synthesis) serves to virtually assure sufficient DHA accumulation by
the developing brain. Premature or low birth weight infants have a
much lower reserve of pre-formed DHA because they have much
less body fat at birth, which contributes to their risk of neuro-
developmental delay. Chimpanzee infants have no body fat and
hence no known reserve of pre-formed DHA.

The classical paradigm

Classically, hominin brain expansion has been linked to the
development of the skills needed to efficiently make stone tools
and use them for scavenging or hunting. The fresh meat thus ac-
quired would have provided a better quality diet than in other
primates. Stone tool making is generally acknowledged to have
been common about two million years ago in Homo habilis. For
some time now, it has also been generally understood that the brain
has a high energy requirement, and that brain expansion during
human brain evolution would require a diet that was more
digestible, thereby providing higher energy density than is avail-
able from a plant-based diet (Mace et al., 1981; Martin, 1981, 1996).
Human brain evolution is therefore generally explained as a process
by which the gradual refinement of stone tools permitted early
Homo to hunt for and/or efficiently scavenge fresh meat, which
would have provided higher dietary energy density than from a
plant-based diet.

Despite the important insight that an expanding brain would
have a higher fuel requirement (Teaford and Ungar, 2000), this
energetic constraint has generally been regarded as something to
be accommodated after human brain expansion was well on its
way, i.e., once the hominin brain had expanded enough to learn
how to make and use stone tools, a higher quality diet would have
been needed because now the bigger brain had a higher energy
requirement (Leonard and Robertson, 1994, 1996; Aeillo and
Wheeler, 1995; Leonard, 2002). Meat does contain creatine,
which potentially increases energy generation within the brain.
Meat is also a good source of several vitamins and minerals, but
neither of these two points were part of the classical paradigm until
very recently (Pfefferle et al., 2011).

Shortcomings of the classical paradigm

Additional meat intake unquestionably increases the nutrient
density of the diet, but the classical paradigm still has several
important short-comings:

(i) Cart before the horse: A bigger brain clearly does need a
better supply of dietary energy but something had to start
the ball rolling; something must have permitted a degree of
hominin brain expansion before (as well as after) the
development of stone tools and hunting. What stimulated
brain expansion enough to permit the conceptualisation of
tools and weapons made from stone? What fuelled the small
increments in brain size during hundreds of thousands of
years before the emergence of H. habilis and functional stone
tools?

(ii) More meat does not solve the brain fuel problem: The clas-
sical paradigm rightly focuses on the challenging issue of
providing more energy to the expanding hominin brain, but
more meat intake is actually not a solution to this problem.
Meat does have higher energy density than plants but the
brain cannot use amino acids in protein as an energy source.
Some amino acids can be converted to glucose but this is a
stop-gap process that would furnish the brain with no more



Figure 4. Schematic overview of some functions of brain selective nutrients in the
brain. Docosahexaenoic acid (DHA) and zinc (Zn) are intimately involved in chemical
neurotransmission at the synapses between neurons. Copper (Cu) is needed for normal
myelination to insulate the axon and successfully deliver the electrical message from
one end of the neuron to the other. Iron (Fe) and iodine (I) are key components of the
ATP-generating system that fuels neuronal activity, i.e., transmission from synapses
receiving incoming signals to those transmitting them to other neurons (the dotted
arrow). Other brain selective nutrients (selenium, vitamin A and vitamin D) are not
shown.
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than a few hours’ worth of energy (see previous section:
High brain energy requirements: The first key constraint), so
meat was not really a long term solution to obtaining more
glucose compared to digesting complex carbohydrates and
plant fibre. Wild terrestrial animals are also extremely lean
so eating meat did not even indirectly provide enough in-
cremental fat intake to supply ketones tomeet the increasing
energy requirements of the developing brain. Furthermore,
excessive dependence on high protein intake from meat can
cause metabolic problems and can damage the kidneys
(Cordain et al., 2005).

(iii) Lack of prediction: The classical paradigm makes no specific
prediction about human brain development, function or
evolution. If meat-eating was the solution to permit
continued brain hominin expansion, why is the developing
human brain still so vulnerable to micronutrient de-
ficiencies? Why is iodine supplementation necessary
throughout the world today even in meat eaters? Some
‘Westernized’ populations eat more meat today than ever
before but disorders of brain development and function have
never been more prevalent (Crawford, 2010).

(iv) The developing brain: The classical paradigm does not make
any attempt to account for the important energetic or
nutrient challenges facing the developing brain in the human
pre-weaning infant (see previous sections: Challenging as-
pects of brain energy metabolism, High brain energy re-
quirements: The first key constraint).

Some might argue that this portrayal of the ‘classical’ paradigm
places too much emphasis on the role of hunting and meat intake
and not enough on the wide interest in the ‘gatherer’ part of
hunter-gatherer subsistence. As explained in the next section, the
‘shore-based paradigm’ fully accepts that the hominins destined to
become humans probably obtained much of what they ate by
gathering, but gathering foods found mostly on or near the shores
rather than fruits, vegetables, grains and tubers as commonly
suggested. Foods gathered on the shores included not only aquatic
and marsh plants but also fish, shellfish, amphibians, crustaceans,
eggs, etc.

The new paradigm: a shore-based habitat and diet

The shore-based paradigm proposes that one or more
australopithecine populations in eastern and southern Africa
came to occupy a habitat and consume a diet that provided so-
lutions to both the energetic and nutritional constraints on pri-
mate brain size and function. This paradigm has four principal
features:

(i) Ketones and ketogenesis: Increasing energy and structural
lipid (e.g., cholesterol) requirements of the expanding brain
were met in large part by ketones (see previous section:
Ketones: The key to brain fuel security).

(ii) Subcutaneous fat: The evolution of neonatal body fat prob-
ably occurred before evolution of the bigger brain (see pre-
vious section: Body fat: The infant brain’s unique energy
reserve). Subcutaneous fat not only supplies the fatty acids
that are substrates for ketone production but also stores key
structural fatty acids for the developing brain, particularly
DHA.

(iii) Brain selective nutrients: A diet providing a richer and more
reliable source of brain selective nutrients was needed for
optimum brain development and function in adult life. These
nutrients include not only DHA but also several brain selec-
tive minerals and vitamins (see previous sections: Nutrients
for brain structure and function, Iodine and iron, Docosa-
hexaenoic acid).

(iv) Shore-based habitat and diet: A shore-based habitat and diet
provided a secure and abundant food supply richer in brain
selective nutrients than any other diet (Cunnane, 2005).
Sustained access to a shore-based diet occurred before sig-
nificant brain expansion and tool-making started. Access to a
reliable food supply also provided an opportunity to develop
more fixed habitats in which fat deposition could gradually
evolve in the human fetus and neonate.

Some brain selective nutrients contributed to relieving the
metabolic (energetic) constraint on the developing brain, i.e.,
iodine and iron. Others helped relieve the nutritional constraint,
i.e., DHA, zinc, copper and selenium. Some brain selective nutrients
played both roles, i.e., iron and copper, which are essential struc-
tural components of enzymes needed for efficient energy meta-
bolism (Fig. 4). Evolution of neonatal body fat also contributed to
relieving both of these constraints. It provided a reserve of DHA for
neuronal membrane structure but also other saturated and
monounsaturated fatty acids that are good ketone precursors,
which could be used both for the synthesis of other brain lipids and
as an alternative brain fuel to glucose.

For 40 years now, attention has been drawn to the importance of
DHA in human brain development and evolution (Crawford and
Sinclair, 1972; Crawford and Marsh, 1989). Indeed, the idea that
DHA is a brain selective nutrient is now widely endorsed.
Notwithstanding the fact that DHA is the poster nutrient for suc-
cessful brain development and function throughout the life cycle, it
alone could not have stimulated brain evolution in hominins
without a concomitant increase in availability of either the full
cluster of brain selective nutrients or a way to reliably ramp up
brain fuel supply as the brain expanded.

Previous skepticism about the plausibility of the shore-based
paradigm has focused on two points: First, weak evidence that
hominins were consuming shore-based foods, especially fish and/
or shellfish, before about 120,000 years ago. The implication is that
consumption of shore-based foods by hominins was a late devel-
opment in human evolution that occurred after rather than before
substantial brain expansion. In fact, detailed fossil evidence of
frequent consumption of catfish and tilapia by H. habilis in East
Africa has been available for nearly 20 years (Stewart, 1994; see ;



Figure 5. Physiological changes in three distinct processes or organ systems apart
from the brain, each of which preceded and facilitated expansion of the hominin brain.
All three of these changes were cumulative and were probably obligatory for human
brain evolution. The early stage (facilitated ketogenesis) is present in many mammals
and permitted more fuel to be available to the infant but during lactation only. The
intermediate stage (longer gestation) was common to primates and permitted longer
fetal development. Amongst primates, the later stage (fetal/neonatal body fat) is
unique to humans and extended brain fuel insurance well beyond the end of lactation.
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Stewart, 2014) and has been strengthened recently (Braun et al.,
2010; Stewart, 2010; see also; Archer et al., 2014; Kappelman
et al., 2014). It is therefore no longer credible to claim that there
is no fossil evidence of early hominins eating fish.

Second, humans can synthesize some DHA from shorter chain
omega-3 fatty acids, thereby supposedly avoiding the need for pre-
formed dietary DHA. Two independent studies of infant brain fatty
acid composition in the first six months of life make it clear,
however, that this capacity is insufficient to permit brain DHA
accumulation at a normal rate, i.e., equivalent to that seen in breast-
fed infants that receive pre-formed DHA in maternal milk
(Farquharson et al., 1992; Makrides et al., 1994; see previous sec-
tion: Docosahexaenoic acid; Fig. 3). It is therefore not tenable to
argue that DHA synthesis alone can meet the DHA requirements of
the developing human brain.

Neither an abundant supply of meat nor a rich supply of min-
erals and vitamins in a plant-based diet could solve the constraint
of the increasing energy requirement of an expanding brain. In fact,
neither provided an adequate supply of DHA or iodine either, which
made accessing shore-based foods all the more important.

Brain selective nutrients in the shore-based diet

A shore-based diet provided a richer supply of brain selective
nutrients and thus helped relieve the nutritional constraint on
hominin brain expansion because foods available on or near shores
are generally excellent sources of DHA, iodine, iron, zinc, copper,
selenium, vitamin A, and vitamin D. Shore-based foods include a
large variety of nutritious plants, shallow freshwater fish such as
catfish, crustaceans, shellfish, amphibians, and eggs of birds nesting
on or near shorelines. Most shore-based foods can be obtained
without needing either highly developed cognitive and manual
skills or manufacture of cutting stone implements or other fishing
technology.

Most if not all nutrients known to be important for the devel-
oping brain are present in higher amounts in foods found on
freshwater and marine shores than in foods not associated with
lakes, marshes or waterways. The daily requirements for brain se-
lective minerals can therefore be met by less shellfish or fish than
by any other food groups, including pulses, fruits, vegetables, nuts,
or meat (Cunnane, 2005). Thus, any amount of fish and/or shellfish
contributes very significantly to meeting the dietary needs of
humans for brain selective nutrients (Broadhurst et al., 1998;
Cunnane, 2005, 2010). Conversely, the less one eats foods found
along the shores, the harder it is to get sufficient intake of iodine,
selenium, iron and DHA.

Shore-based habitat in the hominin fossil record

Starting at least two million years ago in East Africa, the fossil
record shows that hominins destined to evolve larger brains on
their way to becoming humans started to occupy shore-based
habitats along freshwater lakes, marshes, rivers, estuaries and
possibly some sea coasts (Cunnane and Stewart, 2010). Further
examples of early hominins subsisting on shore-based foods,
particularly freshwater fish and shellfish, are emerging from the
work of several experienced groups of palaeoanthropologists
examining early hominin fossil sites (Stewart, 1994; Braun et al.,
2010; Erlandson, 2010; Parkington, 2010; Stewart, 2010, 2014;
Archer et al., 2014).

In addition to enhanced availability of brain selective nutrients,
a shore-based habitat would have permitted a lifestyle that was less
preoccupied by a nomadic search for food or haphazard success
with hunting while competing with other more efficient scaven-
gers. In turn, access to a secure and reliable food supply permitted
more time to be invested in the development of manual, social and
cognitive skills that led to language, social organisation, tool-
making and, eventually, hunting. Genetic changes that presum-
ably contributed to some aspects of human brain evolution were
dependent on an enriched dietary supply of brain selective nutri-
ents and a more secure brain fuel supply.
Changes in other organ systems facilitated brain evolution

The hominin brain did not evolve in isolation from the rest of the
body. Indeed, at least four other physiologic and/or metabolic
changes helped pave the way for the modern human brain. First
was the evolution of neonatal subcutaneous body fat, which was a
crucial development before human brain evolution was possible
(see previous section: Body fat: The infant brain’s unique energy
reserve). Amongst primates, fetal/neonatal body fat is unique to
humans so, of these changes favouring brain evolution, it seems
likely that evolution of neonatal subcutaneous body fat in hominins
occurred most recently.

Second was prolongation of gestation. Primates have longer
gestation thanmost other mammals of a similar size, which favours
brain development during the third trimester. In humans, longer
gestation favours both brain and adipose tissue development in
fetus. Fetal fat development during the third trimester of pregnancy
is in large measure a function of gestational length (Battaglia and
Meschia, 1973; Kuzawa, 1998), so, in turn, longer gestation in
hominins probably evolved before fetal fat development (Fig. 5).



Figure 6. Schematic representation of the shore-based paradigm of human brain
evolution (modified from Cunnane, 2010). Nutritional and energetic constraints are not
necessarily strictly separate in a biological sense. For instance, in neurons, the two are
intimately linked. They are shown separately to emphasise the point that brain evo-
lution depended on surmounting both types of constraints; providing the brain with
more energy alone or providing it with one or more of the key structural nutrients
such as docosahexaenoic acid (DHA) alone would not have been sufficient to drive
human brain evolution.
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Third was distinctly different gastrointestinal absorption of
ketogenic short- and medium-chain fatty acids compared with
long-chain fatty acids. Like most nutrients, short- and medium-
chain fatty acids are absorbed directly from the stomach and
small intestine into the portal blood leading to the liver. This route
of absorption differs markedly from the absorption of dietary long
chain fatty acids (greater than 14 carbons in length), which occurs
via formation of chylomicrons that are transferred from the intes-
tine to the general circulation via the lymphatic system. Therefore,
the evolution of these two separate routes of fatty acid absorption is
probably older than the evolution of longer gestation and fetal/
neonatal body fat.

In non-human mammals, more rapid absorption of short- and
medium-chain fatty acids is presumably important only during
lactation because these fatty acids are very rare in nature outside of
mammalian milk (Sarda et al., 1987). Unlike long chain fatty acids,
only small amounts of medium-chain (and no short-chain) fatty
acids are stored in fat because they are highly ketogenic and used
rapidly as a fuel source. The importance of short- and medium-
chain fatty acids during lactation is that, as the main precursors
to ketones, they complement glucose in helping newborn mam-
mals become autonomous, thereby increasing their chances of
survival. To a greater extent than in other mammals and despite the
intake of ketogenic fatty acids, the human neonate is still heavily
dependent on the mother after weaning because the brain is not
sufficiently developed. Also unlike other mammals, the human
neonate has its own fat stores containing 8e10% short- and
medium-chain fatty acids (Sarda et al., 1987), which prolong
ketogenesis well beyond weaning.

Fourth, the beta-oxidation of ketogenic fatty acids for energy
involves a biochemical process that is simpler and more direct than
for long chain fatty acids. The common long chain fatty acids (16
and 18 carbons) making upmost of dietary fat need to be ‘activated’
by the enzyme carnitine palmitoyl transferase (CPT) before they can
be beta-oxidized or burned as fuels. This extra step in the conver-
sion of long chain fatty acids into energy is not required for those
fatty acids under 14 carbons in length, which are all more ketogenic
than long chain fatty acids. The infant consuming maternal milk is
therefore more easily able to sustain mild ketosis from the short-
and medium-chain fatty acids in milk than can the adult whose
only source of fatty acids for ketogenesis is the long chain fatty acids
in the diet or in body fat stores that need to be activated by CPT
before yielding ketones. Therefore, not only does the storage of
medium chain fatty acids in infant fat extend ketogenesis but the
biochemical process involved in oxidizing fatty acids to make ke-
tones is easier for medium-chain than long-chain fatty acids.
Hence, a combination of evolving subcutaneous fat in the human
fetus and neonate with simpler absorption and oxidation of keto-
genic fatty acids were key elements in permitting ketogenesis from
stored medium chain fatty acids to be extended beyond weaning.
These processes were key components in breaking through the
energetic constraint on brain expansion.

Discussion

Expansion of the hominin brain came at the cost of increasing
neurodevelopmental vulnerability. Without evolving away tomask
or circumvent the increasing vulnerability of the developing
hominin brain as it expanded, its evolution might have started but
would not have been sustainable. The hominin fossil record shows
that at least two million years ago, some populations of H. habilis
were living around the big lakes and other water bodies of East
Africa and frequently eating fish and shellfish (Stewart, 1994, 2010;
Braun et al., 2010; Stewart, 2014; Archer et al., 2014). Hence,
environmental and nutritional circumstances favouring brain
evolutionwere present in at least one hominin lineage prior to truly
significant brain expansion.

Ketones are the back-up fuel to glucose in the human adult but
in the neonate they are the predominant brain fuel. During
mammalian evolution, the presence of medium chain fatty acids in
milk allowed the developing brain to exploit ketones as a compli-
ment to glucose. However, in all mammals except humans, that fuel
advantage terminates at the end of lactation. Hominin infants were
also acquiring abundant body fat stores, which prolonged the
supply of medium chain fatty acids used to make ketones well
beyond the end of lactation; this was the game changer for human
brain evolution. Evolution of other organ systems that laid the
groundwork for expanding the brain and adipose tissue included
longer gestation in primates and the presence of a separate, more
direct route for absorbing ketogenic fatty acids from the gut and
burning them without needing the additional step of fatty acid
activation through CPT. Human brain evolution became a possi-
bility because of the evolution of metabolically efficient use of ke-
tones made possible by these other changes as well.

Though necessary, by itself, more fuel (whether glucose or ke-
tones) for the brain was not sufficient to stimulate human brain
evolution. This energetic constraint was accompanied by a nutri-
tional constraint affecting the structure and performance of neu-
rons and their networks (Fig. 6). Enhanced brain performance
involves enhanced connectivity between neurons, which is the
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defining characteristic of human versus non-human primate
cognitive capacity. Improving connectivity depended on greater
dietary availability of brain selective nutrients and, hence, a shore-
based habitat. Beyond supplying brain selective nutrients, an
accessible and abundant shore-based diet and habitat would have
allowed time to be committed to nascent technological and cultural
development, including stone knapping, language, music and art.
Hence, survival of the individual is not what drove human brain
evolution (Tattersall, 1998); if survival had been the issue, the hu-
man brain would not have evolved as it did because not only its
development but also its function, i.e., neuronal connectivity, in
adults is suboptimal when the intake of one or more brain selective
nutrients is low (Horrobin, 2001; Freeman et al., 2006; Cunnane
et al., 2009; Crawford, 2010).

Human brain size is frequently argued to havewaxed andwaned
over the last two million years, or at least to have been static for
long periods. The shore-based paradigm acknowledges that
optimal brain development depends absolutely on environmental
circumstances providing a favourable diet and that over time the
hominin brain could have expanded and contracted accordingly.
Indeed, average adult brain size is actually somewhat smaller now
than in the earliest anatomically modern humans (Table 1). It is
unclear whether this decrease is transitory or could be the begin-
ning of a long-term trend.

If hominin occupation of a shore-based habitat was crucial to
promote and sustain human brain evolution, moving away from a
shore-based habitat would be predicted to threaten optimal brain
development and function. A billion iodine and iron-deficient
people in the world today, living mostly inland and consuming
no fish or shellfish, show that moving away from a diet enriched in
brain selective minerals has serious and long-lasting risks for hu-
man brain development and function in the adult. Hence, the high
vulnerability of the human brain shows that we have not yet
evolved beyond dependence on a shore-based diet.
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