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Personality generally refers to “relatively permanent traits […] 
that give both consistency and individuality to a person’s 
behavior”1. Despite strong consensus on some of the necessary 

features of personality (Box 1), many cases quickly reveal deeper 
problems. Does a completely paralyzed person have a personal-
ity? If so, then overt behaviour cannot be constitutive of personal-
ity, which must instead reside elsewhere. Does being blind-folded 
change your personality? What about losing your memory? What 
about having a stroke that alters your motivation or emotions? As 
we think through these cases, we are quickly confronted with a 
first ambiguity: whether personality is literally defined by catego-
rizing behaviour (much like a Linnaean taxonomy) or whether it 
is something causally antecedent that explains the behaviour. Here 
we will discuss models that argue that personality is more than tax-
onomy; namely, it is a feature of the brain that causes the regulari-
ties in complex behaviour (and that is typically inferred from the 
behaviour). While there may be general agreement with this view, 
there is a spectrum of logically distinct, empirically testable models 
that describe how such a concept of personality would be related to 
other psychological variables.

There are many different ways of describing and quantifying 
personality, with published frameworks spanning three2, five3–9, 
ten10, sixteen11, thirty12 or even a hundred dimensions13 (where each 
‘dimension’ is a relatively distinct axis of variability in behavioural 
tendencies in the population). Studies in mice, using dense pheno-
typing, have yielded perhaps the most comprehensive data-driven 
inventory of personality traits to date in a species, suggesting four 
dimensions that concisely capture variability in behaviourally 
inferred personality traits in that species14. For the sake of illustrat-
ing general conceptual questions in this Perspective, we take the 
example of the ‘Big Five’, which is the most widely used framework 
applied to humans. The Big Five personality traits (openness to 
experience, conscientiousness, extraversion, agreeableness and neu-
roticism) describe personality on continuous dimensions that were 
initially derived from a corpus of words that people use to describe 
other people11. Even if descriptively accurate, this popular modern 
account of personality leaves the scientific role of personality com-
pletely opaque: is Big Five personality a summary statistic, like the 
gross domestic product, which provides a convenient shorthand for 
a complex system of interactions but has no real independent exis-

tence? Or is it more like El Niño, the macro-level climate phenom-
enon whose causal effects on the weather in different parts of the 
world can be characterized independently of a detailed understand-
ing of the Pacific sea surface temperature (a view that may be simi-
lar to network theories in personality psychology15)? In the former 
case, personality simply is a descriptive summary of a set of behav-
iours that someone displays in specific contexts; there is no further 
underlying reality to personality. In the latter case, the behavioural 
measures in the Big Five questionnaires (or any other behavioural 
measures used to infer the Big Five) are actually indicators of an 
underlying personality that causes the behaviours; in other words, 
the behavioural measures are not themselves constitutive of person-
ality, but are used to infer personality.

It is important at the outset to clarify two important points about 
how behaviour relates to personality, to avoid any confusion. First, 
throughout this Perspective we will use ‘behaviour’ to refer to effects 
of the somatic or autonomic motor systems: that is, movements of or 
in the body due to muscles, blood vessels or glands. While broader 
than volitional actions, this usage of the term ‘behaviour’ is narrower 
than the way many personality psychologists use the term, which 
additionally includes psychological states like thinking (for example, 
ref. 15). Thus, behavioural expressions of personality, according to 
our usage, could include speaking, moving your body or blushing, 
but do not include thinking, feeling, remembering or attending (if 
these are not accompanied by behaviours). The second important 
point to reiterate is that the aspect of behaviour relevant to personal-
ity is not a specific instance of behaviour, but rather relatively tem-
porally stable, context-dependent patterns of behaviour over time.

In this Perspective we do not provide a review of the history or 
the variety of extant accounts of personality. Instead, we advocate 
here for a view that takes personality to be an objective scientific 
quantity whose causal effects can be tested and characterized, a view 
already stressed by Eysenck16. Such a view must explain the causal 
role that personality plays in the chain from genes to brain and to 
behaviour, and it must delineate where it is instantiated. We do not 
think that currently available evidence from the study of personality 
in humans and animals offers conclusive evidence for any one spe-
cific causal hypothesis on personality. Instead we offer a small set 
of experimentally distinguishable causal hypotheses that we believe 
can be tested in a combination of human and animal studies.
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the causal role of personality
At the core of our proposal lies the distinction between causal 
and constitutive relations, which we already briefly alluded to in 
the introduction. This distinction is critical to formulate testable 
models of personality. If two variables are causally related, one can 
manipulate them independently; if their relation is constitutive, one 
cannot (since in that case they are different descriptions of the same 
thing). As our set of models below tries to capture, personality is 
obviously related to many other things: genes, environment, the 
brain, the mind and behaviour. Which of these relations are consti-
tutive and which are causal?

It is useful also to make a brief comment on the mind–brain 
relation in general, which has a long history of debate: some people 
believe the relation is causal (‘dualism’), whereas others (including 
us) think it is constitutive (‘monism’). These commitments have 
consequences for how one thinks also about personality: if one 
believes (as we do) that personality is, first and foremost, a men-
tal (psychological) variable, then monism would commit one to 
saying that personality is constituted by neurobiological events, 
whereas dualism would entail that it is caused by neurobiological 
events (depending on the exact variety of dualism). Here we adopt 
the monist position that if personality is a psychological (mental) 
variable of some sort, then it must be constituted by neurobiological 
events of some sort.

A causal description of any system requires a level of abstrac-
tion from the details to delineate quantities that stand in causal rela-
tions. These quantities are identified because they lend themselves 
particularly well as points of intervention where the system can be 
changed and manipulated or because they constitute bottlenecks in 
the processes that make up the system17,18. In the case of personality, 
the broad strokes of the underlying total causal system are relatively 
clear: genetics and environment are the distal causes of an indi-
vidual’s behaviour, and brain and body are the proximal causes. Of 

course, causes can have different strengths and show probabilistic 
outcomes (in which case the arrows in the models shown in Fig. 1 
might have different weights).

Our review of possible causal models of personality starts from 
the most comprehensive view of personality, according to which 
personality is constituted by all the types of variables that are nor-
mally studied in relation to personality, from genes to minds to 
behaviour (Fig. 1a). One could imagine an argument for such a 
model that claims that, insofar as personality requires long-term 
patterns of behaviour over time, these behaviours are a direct 
product of the expression of genes over that long time period, or 
perhaps they emerge from gene expression during development. 
It is even conceivable that the right kind of gene therapy would 
change your personality. Eysenck himself may have held such an 
all-encompassing view (for example, Fig. 2 in ref. 16, although the 
meaning of the arrows in that figure is unclear). The main draw-
back of this model A, however, is its lack of specificity. Personality 
would be constituted by vastly different types of processes (gene 
expression, brain activity, behaviour, etc.) encompassing extremely 
complex causal interactions. There is little that is left ‘outside’ of 
personality, and it would look more like a summary statistic, like 
gross domestic product. We think such generality misses many of 
the important causes and effects of personality: changes in genes 
do not instantaneously change personality, but require a long causal 
chain from gene expression through brain changes. In contrast, per-
sonality can be changed quite directly without changing genes, for 
example, in the case of localized brain damage. Thus, it seems clear 
that while genes have causal relations to personality (arrows in all 
models in Fig. 1) they cannot be constitutive of personality (contra 
model A).

One could also imagine a proposal according to which personal-
ity is constituted only by the genes (and/or the environment), but we 
know of nobody who has ever held that view and so do not present 

Box 1 | Accepted and speculative features of personality

Allport was one of the first to enumerate a modern list of features 
that could be used to characterize a personality trait67. Other work 
has stressed features that any psychological variable should aim 
for, such as good inter-rater reliability, face validity and construct 
validity68. Most who work in the field implicitly endorse a set of 
features that may provide a working definition of personality, 
but there are also features on which there is disagreement. Here 
we provide our own provisional list of personality features, di-
viding them into those that are well accepted and those that are 
speculative.

Accepted features:
 1. Stability. Stability over time refers to the fact that personal-

ity is closely related to our concept of an enduring personal 
identity. Under normal circumstances, personality does 
not change from one moment to the next, unlike emotions, 
thoughts and behaviours.

 2. Individual differences. Personality forms part of the explana-
tion of why each individual behaves somewhat differently in 
a given context, and it can serve to identify groups of indi-
viduals distinguished by different personality types69. Taken 
together, features 1 and 2 suggest one common metric for per-
sonality traits: they maximize between-individual variability 
but minimize within-individual variability.

 3. Multicomponent. Personality involves regularities across 
emotion, cognition, mood and behaviour. This feature also 
serves to exclude behavioural regularities that are unrelat-
ed to personality, such as having a limp or tremor in one’s 
movements.

 4. Subject to pathology. Personality disorders can be diag-
nosed70 and generally show personality structure quite similar 
to the norm.
Speculative features:

 1. Low-dimensional. Most individual differences in personality 
can be described in a relatively low-dimensional space: as few 
as five personality dimensions capture most of the variance, 
according to the leading view in human personality research. 
This view would simplify the study of personality, but it may 
also omit meaningful variation.

 2. Evolutionary continuity. Evolutionary precursors to some 
human personality traits may be found in other species71. We 
argue that the construct of personality applies to all animals 
with complex behaviour. This view unifies studies in animals 
and in humans and generates opportunities for experimen-
tal studies of personality that are impossible or unethical in 
humans.

 3. Independent of conscious experience. Personality is of-
ten taken to include conscious experience. To the contrary, 
we hold that conscious experience is not a necessary part  
of personality. We thus take the question of whether a  
person or animal (or robot) is capable of having experience  
at all to be logically distinct from the question of whether it 
has personality. This simplifies the study of personality, es-
pecially in humans or animals who cannot report on their 
experience.

 4. Neurological. This is the view we defend here: personality is 
constituted by features of the brain (see Fig. 1 and main text).
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it here. None of this is to deny the rich and interesting effects of 
genes and environment on personality—for instance, evidence that 
epigenetic effects such as DNA methylation can contribute to per-
sonality disorders19—but in all these cases we take it that the relation 
is causal (typically, during development) rather than constitutive. 
We take it that most psychologists do not think that personality is 
literally ‘in the genes’, partly or entirely, but instead that genes and 

environment are distal causes of personality, which is located some-
where more proximal to behavior16.

This brings us to model B, which may be a common view in psy-
chology, especially if ‘behaviour’ is defined broadly to encompass 
both overt behaviour and psychological variables (see our clarifica-
tion above)15,20. Since we define behaviour more narrowly, as dis-
tinct from psychological variables, we argue that personality causes 
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Fig. 1 | Causal models of personality. These schematics provide a survey of conceivable models that relate personality to other variables. The red circles 
denote constitutive relations; arrows denote causal relations. Only the simplest schemes are indicated. Any viable candidate model would need to be 
elaborated, possibly including additional variables of the types shown (for example, other psychological variables, like memory or attention), denser causal 
relations (for example, bidirectional ones) and causal relations with different weights or probabilities. a, The most comprehensive scheme, according 
to which personality is constituted by genes, environment, psychology and observed behavioural patterns. b, A view according to which personality is 
constituted by patterns of “broad behavior”15, encompassing patterns in both psychological variables as well as in overt behaviour. c, A scheme according 
to which personality is just identified with patterns of observed behaviour, eliminating its causal role in behaviour. d, Personality as constituted by patterns 
across a variable set of psychological states (perhaps only a specific subset of them). e, Personality as a psychological variable distinct from others and 
not strongly causally influencing other psychological states. f, Personality as a psychological variable strongly causally influencing other psychological 
states and acting through them to produce patterns of behaviour. Our own view finds d–f the most interesting versions for further development. Genes and 
environment are not shown in e and f only for clarity.
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behaviour (and thus, can be measured and inferred from behav-
iour), but is not constituted by behaviour. To make this case, we will 
next discuss a series of models that provide a more specific role for 
personality than model B and that make testable predictions about 
dissociations and interventions that can help to adjudicate between 
the different models. In Fig. 1, models C and D are refinements of 
model B, placing personality either in overt behaviour or in the 
mind, but not both. Model D in turn is further refined in models 
E and F, by specifying more precisely where in the mind to place 
personality in relation to other psychological variables.

Model C anchors one end of our spectrum of models by describing 
personality merely as patterns of overt behaviour (as in a Linnaean 
taxonomy). We do not attribute this extremely behaviourist view to 
anyone, but include it because it highlights a specific set of prob-
lems that show that overt behaviour must instead be a causal effect 
of personality. Model C does not provide the basis for a scientific 
account of pathologies or for a study of the relation between person-
ality and behaviour. We take it that most readers would agree that 
a person without any patterns of behaviour (for example, a patient 
with locked-in syndrome) can nonetheless have a well-defined per-
sonality. Similarly, there would be agreement that an actor, even one 
who acts consistently over their entire life, can have a personality at 
odds with the behavioural evidence. These cases show us that we 
can be wrong about somebody’s personality if all we have to go by 
is their behaviour: they may not be able to express their personality 
or they can fake it. Identifying personality directly with a feature 
of behaviour, no matter how abstract, confuses (one possible) mea-
surement of personality with its metaphysics, i.e., with what person-
ality actually is. Behaviour provides evidence of personality, and we 

indeed regularly infer personality from behaviour, but that is quite 
different from the claim that behaviour literally constitutes person-
ality. One might still propose that personality is the disposition to 
behave in certain patterns. This, however, suggests that personal-
ity is constituted by something that has the causal power to bring 
about behaviour. In which case, personality is causally antecedent to 
behaviour, fitting with one of models D, E or F instead.

The second concern with a behaviour-based account of person-
ality as shown in model C is methodological: like the view that con-
ceives of general intelligence as the common factor resulting from a 
factor analysis of scores on a battery of cognitive tasks (Spearman’s 
g)21, the mere presence of shared positive or negative correlations 
among aspects of behaviour measured over time would necessarily 
result in a shared personality factor, yet not ensure any meaningful 
reality (for example, as an overarching common cause) to the result-
ing concept22. Like an account of biological species based solely on 
morphology, an account of personality based solely on patterns of 
behaviour would become a useful bookkeeping tool, but could not 
provide a basis for the scientific explanation of those behavioural 
regularities. This point raises the intriguing possibility that, once 
we know enough about what personality really is (namely, a certain 
feature of the brain), this may also permit a revision of what person-
ality factors there should be, a point we return to at the end.

The above considerations already help to eliminate both genes 
and behaviour as constitutive of personality and suggest that per-
sonality is located in the brain. We consider this possibility in mod-
els D, E and F. All of these models propose that personality is ‘in 
the mind’, and hence ‘in the brain’, but differ in where exactly in 
the mind they put personality in relation to other psychological 
variables. As such, this class of models proposes particular mental 
architectures, and we take them up in more detail below.

Personality is in the brain
We posit that personality is a feature of the brain (Fig. 2a): it is not 
simply a summary of behaviour (contrary to Fig. 1c), nor partly 
residing in events that are causally antecedent to the brain (contrary 
to model A). While we take this fundamental position itself to be 
consonant with much of personality psychology20,23, we now look 
to examine open scientific questions about exactly how personality 
causes behaviour and how personality is related to other psycholog-
ical variables (like memory, attention, emotion, etc.). In particular, 
we have to address the question of how we can think of personality 
as playing a causal role when it is instantiated in brain processes that 
have their own low-level causal descriptions. And if personality is to 
play a scientific role as a causal variable with influences on behav-
iour, we have to explain why it is more than just a re-naming of 
the causal mediators between genetics and the environment on the 
one hand and behaviour on the other. In the following we outline 
three distinct causal hypotheses that relate personality, behaviour 
and other psychological constructs (Fig. 1d–f).

We begin by considering model F. Here personality corresponds 
to a specific feature of the brain that influences behaviour by affect-
ing other psychological constructs (such as motivation24, emotion25, 
or control or regulation26,27; but many others are of course possi-
ble). Such a feature could be instantiated locally in the function of 
some specific circuit or neuroanatomical module of the brain, or 
it could be realized in a more global property of the brain’s neural 
networks, such as the strength of connectivity or levels of particular 
neurotransmitters. In this view, the neural features of personality 
(whatever they may be) would influence behaviour only indirectly 
through other psychological constructs, such as attention or mem-
ory. Personality, while instantiated by features of the brain, would 
act as a high-level modulator of (some subset of) other psychologi-
cal constructs, which in turn influence behaviour. Personality would 
be not merely an aggregate re-description of the other psychological 
constructs, but an independent feature of the brain. For analogy, 
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Fig. 2 | Challenges for personality neuroscience. a, In this Perspective 
we have delineated a science of personality where personality is a 
feature of the brain and a cause of behaviour. b, The nascent field of 
personality neuroscience66 often uses metacognitive assessments of 
behaviour (questionnaires filled by participants or by informants) and 
measurements of brain activity (for example, resting-state functional mrI 
or task functional mrI). While some progress has been made using these 
proxies, measurements that better capture the processes of interest at 
both ends are actively being pursued (dense phenotyping of behaviour, 
for instance from video recording; and high-resolution recordings of 
electrophysiological activity, for instance from electrocorticograms).
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one could think of personality as the degree of connectivity in a 
power grid, which otherwise maintains the same power generation 
and storage capacities. The effect on the consumer is only indirectly 
through a more reliable or erratic energy supply.

Model F also corresponds best to how laypeople usually make 
sense of human behaviour. According to one common account, they 
do so by inferring states and traits. States are usually thought of as 
more transient and as causally more proximal to observed actions, 
while traits are more temporally durable and have causal effects 
on states. This tripartite view of the relations between traits, states 
and actions has them situated in a causal hierarchy, in that order28. 
In fact, there may be a range of psychological variables we regu-
larly infer in order to make sense of observed behaviour, varying in 
degrees of abstraction from the actions they explain29. For instance, 
seeing somebody smile while helping another person might lead to 
the following sequence of psychological attributions, from states to 
traits: why are they smiling? Because they feel happy (state). Why? 
Because they are pleased at having helped another person. Why? 
Because they have a generous and empathic personality (trait). It 
remains an important empirical question whether an objective sci-
ence of personality should also consider such a continuum between 
states and traits, or whether the distinction is more categorical.

The possibility that personality affects behaviour by acting 
through a set of other psychological variables, as suggested by model 
F, is an empirical question, and it needs to be tested against the plau-
sibility of alternative models. So, model E considers the possibility 
that personality may reside at the same level as other psychological 
constructs and is thus able to influence behaviour directly. The key 
question distinguishing the role of personality in models E and F is 
the extent to which differing personalities can retain an influence on 
behaviour (and hence be detectable from differences in behaviour) 
for individuals who otherwise are indistinguishable in other psy-
chological constructs. This is not a question that can be addressed 
by merely studying normal behaviour, but requires an independent 
understanding of personality as a brain feature whose pathways of 
influence on behaviour can then be studied as described below.

The two causal hypotheses expressed in the previous paragraph 
(models E and F) take personality to be at least partly distinct from 
other psychological constructs. But there is a third alternative: per-
sonality may not be distinct from all other psychological constructs, 
but constituted by (a subset of) them (model D). According to this 
view, psychological constructs such as emotion and motivation are 
not causally influenced by personality but, taken together, constitute 
personality. Personality then provides a higher-level description of 
the psychological constructs, instead of itself being some separate 
cause (or effect). The role of personality here can be thought of as 
analogous to the temperature of a gas: the temperature is a func-
tion of the kinetic energy of the particles it is made of, but we find 
the notion of temperature scientifically useful because for various 
physical effects it is sufficient to describe the cause in terms of the 
temperature, rather than in terms of the particle movements that 
define the temperature. In contrast to treating personality as a sum-
mary statistic of either broad behaviour (model B) or overt behav-
iour (model C), the proposal of model D ensures that the resulting 
notion of personality has clear causal effects on behaviour. The 
causal hypothesis in model D requires any meaningful variation in 
personality to be accompanied by variation in other psychological 
constructs (just as any change in temperature requires a change in 
the kinetic energy of at least some particle).

All three causal models (models D, E and F) treat personality 
as a causal variable instantiated in the brain, and they all benefit 
from a scientific study of personality that includes both neurosci-
ence and psychology. Despite the simplified representation in Fig. 1,  
none of these models is intended to deny that there can be feed-
back from behaviour back to personality. In fact, an understanding  
of the causal pathways from behaviour back to personality (or 

the psychological constructs that constitute it) would be crucial 
to understanding and developing behavioural therapies for per-
sonality disorders; we take this to be the view also held by theo-
ries of psychotherapy30. The causal models pick out personality as 
a scientific variable in each case, because it is considered to be a 
relevant target for possible intervention. The nature and effect of 
interventions will be different for each of the models. Of course, 
one may be able to influence personality by changing the genes dur-
ing development, but—according to models E and F—one could in 
principle also target personality more precisely by interventions on 
the particular brain features that constitute personality or by target-
ing, for example with therapy or training, those psychological con-
structs that constitute personality in model D. Indeed, for model D 
there may be a variety of different interventions on the underlying 
psychological constructs that would result in the same change in 
personality. Just like there are many ways of arranging the kinetic 
energy of the particles in a room to achieve an ambient temperature 
of 80 °F (27 °C), with regard to personality, there may be various 
patterns of change in emotions and cognitive control that result in 
equivalent personality changes.

Each of the three causal hypotheses about the role of personality 
can be investigated experimentally. For instance, for the neuroscien-
tist, models E and F leave open the possibility that there may be dis-
tinct anatomical regions or patterns of brain activation that underlie 
personality; model E could be further distinguished from model F 
by finding people with lesions in whom personality is impaired but 
other cognitive or emotional functions are not. By contrast, model 
D would be supported by finding that all such individuals invariably 
show concomitant deficits in both personality and some other psy-
chological functions (for example, cognitive control, emotion, etc.).

testing the different causal models
The three causal models that we find the most plausible (models D, 
E and F) are difficult to distinguish solely with data from healthy 
humans, but may be examined more effectively in studies of human 
pathological conditions and of personality in animals. In humans, 
ever since the classic case of Phineas Gage, who sustained damage 
to the prefrontal cortex, it has been clear that focal brain lesions 
can alter personality31,32. More evidence has accumulated since 
Gage’s case that lesions to ventromedial prefrontal cortex (vmPFC) 
can lead to dramatic personality changes33,34. For example, findings 
from nearly 200 people with lesions whose personality changes were 
rated by relatives suggest that pathologies of personality are more 
likely to result from damage to the prefrontal cortex than from dam-
age to other brain regions35. Within this sample, there appear to be 
clear cases of personality changes following lesions (for example, of 
the vmPFC) that are typically not accompanied by corresponding 
impairments on other neurocognitive tests, suggesting that person-
ality and cognition (for example, memory, perception, attention) 
are to some extent distinct (in line with Fig. 1e,f). Interventional 
tests of the models sketched in Fig. 1 can thus be revealed, at least to 
some degree, through neuropsychological dissociations in humans, 
long a workhorse for revealing cognitive architectures36,37.

In contrast to studies with humans, research on animal personal-
ity affords greater experimental control, greater ability to measure 
physiological parameters, greater opportunities for naturalistic 
observations and, typically, greater potential for longitudinal stud-
ies. A cross-species integration of the study of personality will 
require a species-independent delineation of the concept of person-
ality; we think there are relevant criteria for personality that permit 
such an integration, just as there are such criteria for other psy-
chological constructs, for example, intelligence38 (Box 1). Research 
on animal personality has relied on several sources of measures to 
infer personality39: explicit ratings of personality traits provided 
by observers familiar with the animal (trait rating40,41); detailed 
observations made by trained ethologists (behavioural coding; 
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for example, https://mousebehavior.org/); and, most recently, use 
of extensive video data in controlled environments (for example, 
in flies42–44, mice14,45 and cuttlefish46). These methods have largely 
produced findings that confirm that stable personality traits exist 
in animals and that animal personality traits have a dimensional 
structure showing some resemblance to what has been found in 
humans47. An exciting application for large-scale behavioural data 
is the further development of data-driven techniques that can help 
refine models of personality structure, a future direction (see below) 
that utilizes dense video data from animals as well as the corpus of 
human data now available through our use of social media48,49.

In addition to empirical studies of human clinical populations 
and animals, personality neuroscience will continue to benefit from 
non-invasive neuroimaging in healthy individuals. Most neuro-
imaging research to date has attempted to find neural correlates 
of personality traits from leading psychometric models, usually 
derived from self-report questionnaires, such as the 60-item NEO 
Five-Factor Inventory (NEO-FFI50,51; Fig. 2b). While brain con-
nectivity is presumed to be highly relevant to personality, other 
neural properties are candidates as well. It is well known that spe-
cific neurotransmitter receptor subtypes, or combinations of them, 
can produce fairly specific psychological and behavioural effects. 
For example, the neurotransmitters serotonin and dopamine, and 
their receptors, fundamental components of signalling between 
neurons, have been implicated in neurobiological theories of per-
sonality disorders52, and there is even a ‘neurotransmitter attributes 
questionnaire’ of personality53. This raises the possibility of using 
psychopharmacological studies to gain insights about personal-
ity. Distinguishing between more complex versions of models D, 
E and F in Fig. 1d–f may require the specific manipulation of cer-
tain neurotransmitter systems, perhaps in specific brain regions. 
Just like brain lesions can give us some initial data by the pattern 
of dissociations that they produce (for example, impairing memory 
independently of personality), so too could targeted drug studies. 
Ultimately, knowledge about the specific neural features that com-
prise personality traits is not only of theoretical interest and useful 
for distinguishing the different models we outlined in Fig. 1, but 
may also provide critical information for clinical interventions (for 

example, what aspects of personality can be changed most effec-
tively by which methods).

Future directions
As we move towards a more interdisciplinary science of personal-
ity, some specific challenges arise. It is unlikely that the personality 
traits from existing psychometric models will have a 1:1 relation-
ship with brain features. One of the most interesting future direc-
tions is to update currently used personality frameworks (such as 
the Big Five) which have been described as “pragmatic abstractions 
with no special biological value”54 and use measures from the brain 
and from behaviour concomitantly to revise personality space to 
more accurately match its neurological substrate. This is analogous 
to the recent use of data from functional neuroimaging studies to 
classify psychiatric disorders based on their similarity in patterns 
of brain activation55. More generally, large-sample neuroimaging 
and behavioural data are now becoming available in databases that 
provide an opportunity to use data-driven methods to discover or 
revise our models of psychological architecture in humans, includ-
ing personality56,57.

New techniques will be required to fully distinguish between 
causal and constitutive relationships, and it may be fruitful to look 
to other disciplines for analogies. For instance, causal feature learn-
ing (CFL; Fig. 3)58 is a tool that has been successfully applied to 
climate data59. In this approach, micro-level causal features of one 
type (for example, wind speed measured on a grid over the ocean) 
are aggregated so as to predict causal features of another type (say, 
sea surface temperature, also measured on a geographical grid). 
Instead of clustering wind measurements and temperature mea-
surements separately, the aggregation algorithm aggregates the 
relation between the two sets of micro-variables with the aim of 
respecting macro-level boundaries that make a causal difference. 
This approach has successfully identified El Niño as a macro-level 
climate phenomenon without including any information about past 
occurrences of El Niño in the aggregation procedure. It also yields 
results distinct from standard clustering algorithms.

Similarly, CFL could, in principle, be used to aggregate neuro-
biological and behavioural data in the same individuals to derive 
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had many features characteristic of El Niño, which is normally defined by a divergence of the average temperature within the rectangular geographical 
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when El Niño had occurred in the past or that the broad class of westerly equatorial winds is relevant. right: proposed application of CFL to the study of 
personality, which could provide a revision of the presently used personality dimensions and the discovery of their neural causes. Each panel schematizes 
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macroscopic variables (for example, brain networks and behaviour 
patterns) that describe personality traits. To use such approaches, 
we would need large datasets with comprehensive personality 
assessments (ideally based on observed behaviour, as has been done 
for deriving other data-driven human behaviours such as posture60) 
and comprehensive neuropsychological profiling of individuals, to 
be able to build more complete models (including other psycho-
logical variables) that can begin to distinguish between the causal 
architectures that we discussed in the previous section (Fig. 1). 
Regardless of what approaches are used to derive new personal-
ity traits, the traits so derived will of course need to be tested with 
respect to their utility. Obtaining El Niño through CFL should 
have predictive value for its effects on rainfall, the economy, etc. 
The same applies to obtaining personality variables through CFL. 
These personality indices should allow for predictions of real-life 
outcomes, such as social network size, health or income (just like 
the current ones already do61,62).

Perhaps the main limitation for such a data-driven approach 
at present is the unavailability of dense, large-sample behavioural 
data. Data for inferring personality in humans comes either from 
rather brief self-report or informant-report questionnaires or from  
(also sparse) objective behavioural observations (as made by  
human raters or as quantified from video recordings, for instance). 
However, this situation is changing. There are now behavioural 
data, or proxies of them, that may indeed be quite dense. A person’s 
year-long email or twitter behavior63, their movements recorded 
with a webcam64 and/or other technology-enabled observations, 
could begin to provide a much more comprehensive inventory of 
behavioural patterns for data-driven analyses. This approach has 
been successful in some animal studies; for instance, dense record-
ing of mouse behaviours over long time epochs, in response to spe-
cific environmental contexts, has provided a derivation of mouse 
personality traits at a level that permits identification of one mouse 
from others based on context-dependent behaviors14. That study 
used as its mathematical definition of personality essentially the 
first two criteria that we list in Box 1: personality can be inferred 
from that aspect of behaviour that minimizes within-subject vari-
ability and maximizes between-subject variability. Of course, objec-
tive behavioural analysis would likely be more complicated in 
humans, especially when accounting for the contexts in which these 
behaviours occur.

Theoretical approaches such as CFL, and empirical opportuni-
ties such as dense sampling of emails or webcams, provide exciting 
new possibilities for quantifying and revising personality traits in 
humans. Rather than continuing to stick with entrenched notions of 
personality, we think that now is the time to be bold. We can build a 
science of personality that emphasizes utility across disciplines and 
species and that builds a foundation amenable to the next genera-
tion of questions—questions about the genetic basis of personality, 
about the influence of environmental factors across the lifespan and 
about how personality depends on specific brain functions16,65. A 
critical ingredient in such progress will be the delineation of spe-
cific, testable causal models, for which we hope our sketches (Fig. 1) 
have provided initial discussion.
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