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Executive functions (EFs) are cognitive processes that support

flexible goal pursuit. Healthy development of EFs during

childhood is critical for later life outcomes including health,

wealth and educational attainment. As such it is crucial to

understand how EFs can be supported and protected against

insult. Here we examine whether there are sensitive periods in

the development of EFs, by drawing on deprivation and

enrichment studies in humans. While there is suggestive

evidence that pre-6 months of age constitutes a sensitive

period for EF development, given the higher-order nature of EF,

we argue for the possibility of multiple sensitive periods of

constituent processes. We identify relevant future questions

and outline a research agenda to systematically test for

sensitive period in EF development.
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Executive functions
Executive functions (EFs) refer to a category of cognition,

which includes working memory, cognitive flexibility,

inhibitory control and sustained attention. EFs serve

our ability to respond flexibly and adaptively to changes

in the environment in the pursuit of long-term goals [1].

EFs undergo critical quantitative and qualitative changes

during childhood and are underpinned by neural circuitry

that has a protracted developmental time course [2].

Crucially, individual differences in EFs during childhood

are a hugely important predictor for later life outcomes

such as subjective and physical well-being [3]. Given the

importance of EFs for later life outcomes there have been

many attempts to train this by means of tailored inter-

ventions [4]. One important question in relation to EF

development is whether there exist sensitive periods

(SPs). Here we discuss the current evidence of core
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EFs as well as other regulatory processes such as emotion

regulation.

Sensitive periods and executive functions
SPs are a point in development during which there is

heightened neural sensitivity to specific environmental

stimuli, with exposure necessary for typical developmen-

tal processes to occur. This ontogenetic process is driven

by what is known as ‘experience-expectancy’. After a SP

has closed, the ability to learn new skills in that particular

domain is constrained by the experience that took place

during the SP. In this way, SPs are distinct from ‘critical

periods’, as once a critical period has closed further

changes are not possible. In contrast to general develop-

mental plasticity or learning processes that continue

across life, SPs are associated with a number of specific

characteristics [5] (Table 1). SPs are classically associated

with primary sensory development, such as the visual [6]

and auditory [7] systems, although higher-order functions

including language [8] and affective development [9], are

also thought to be characterised by SP’s.

Why would there be sensitive periods for EFs?
It is not immediately apparent why there would be SPs for

EFs. When considering whether SPs exist for EFs, it is

useful to remind ourselves of the evolutionary role of SPs,

which is to enable a developing organism to become

specialised to their particular environment [10]. This is

apparent for capacities classically associated with SPs. In

the case of language, children are considered genetically

predisposed to develop language, but postnatal environ-

mental exposure during a SP is necessary to tune the

developing system to the particular language surrounding

it. If SPs do exist for EFs, precisely what role would this

play? In contrast to domains typically associated with SPs

(i.e. vision, language, attachment learning), EFs have a

protracted developmental trajectory which continues into

adulthood, as does the prefrontal cortex, on which EFs

depend (Finn, Sheridan, Hudson Kam, Hinshaw, &

D’Esposito, 2010; Peverill, McLaughlin, Finn, & Sher-

idan, 2016), suggesting an extended period of plasticity.

Additionally, the precise type of environmental input

required (i.e. social, cognitive, sensory) is not as clearly

defined for EFs.

Distinct sensitive periods for distinct components of

executive function development

Research into SPs in other higher-order domains, such as

emotion processing and language [8,11], report that it is

not the case that single SPs exist for these domains.

Rather, they rely on numerous other abilities, which

may have their own individual SPs, or no SP at all (similar
www.sciencedirect.com

mailto:n.steinbeis@ucl.ac.uk
http://www.sciencedirect.com/science/journal/23521546/36
https://doi.org/10.1016/j.cobeha.2020.12.001
https://doi.org/10.1016/j.cobeha.2020.08.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cobeha.2020.08.001&domain=pdf
http://www.sciencedirect.com/science/journal/23521546


Sensitive periods in executive function development Thompson and Steinbeis 99

Table 1

Characteristics of sensitive periods and general learning processes

Sensitive periods Non-sensitive period learning

Experience-expectant Experience-dependent

Temporal window: Maturationally timed onset and closure Continues across lifespan

Ontogenetic constraints No ontogenetic constraints

Formation of a developing system Reorganisation

Parvalbumin cell maturation, GABA, synaptic pruning and remodelling,

myelination and perineuronal nets

Synaptogenesis, synaptic strength modulation

and pruning
to how there is no sensitive period for vocabulary in

language development). We propose a similar approach

for investigating SPs for EFs.

To support an organism in acting to achieve a goal, EFs

depend on integration of multiple streams of sensory

information. Thus, the development of EFs depends

on the earlier development of lower-order systems that

supply this information [12], such as the visual and

auditory senses. Additionally, EFs are structured hierar-

chically, with a shared component (which may reflect the

ability to bias processing in line with goals) [13], and

distinct components that reflect dissociable sub-functions

[13,14]. Such organisation is also reflected at the neural

level [15]. The ‘shared’ and ‘distinct’ components of EF

functions may be associated with separable SPs. Finally,

EF development is associated with numerous interacting

factors, some of which are internal to the developing

individual, and others that exist in the surrounding envi-

ronment (Figure 1).

Specifically, sensorimotor development may be directly

linked to the complexity of the surrounding environment,

in terms of presence and variation of visual stimuli
Figure 1
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have their own, distinct sensitive periods (or no sensitive period at all).

www.sciencedirect.com 
(availability of books, toys and other stimuli) and expo-

sure to linguistic complexity [12]. Development of sen-

sorimotor systems in the first few months of life must

occur to enable an infant to receive accurate visual input -

only after visual input is sufficiently developed, is the

infant able to start regulating their attention to this input

([16,12]), which is considered to be a developmental

prerequisite of later EF skills [17–19]. Infant attention

regulation is influenced by caregiver interaction, in par-

ticular caregiver scaffolding [20], whereby a caregiver

directs the infant’s attention to particular items in the

environment [21], an interaction that may be mediated by

a child’s gaze following [22] and language comprehension

abilities [23]. In turn, the parent-infant dynamic is likely

influenced by the strength of caregiver attachment, atten-

tiveness of the parent, and reliability in their responding.

The development of attachment is dependent on sensi-

tive and stimulus-contingent caregiving [24]. Such care-

giving leads to an infant’s increased perception of instru-

mental control over their environment, which is strongly

related to individual differences in EFs [25,26], and may

also depend on motor system development [27]. Devel-

opmental changes in other cognitive abilities, such as

processing speed [19], memory and representational
Language

Attentional
regulation Basic cognitive abilities

Processing speed
Memory

Representational capacity

regiver characteristics
Scaffolding

Maternal sensitivity
Mind-mindedness

ulus-contingent caregiving
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of individual-level factors (developmental prerequisites) and

 been associated with sensitive periods, however others may also
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understanding [28], likely also contribute to the above

interactions. In this way, a child’s EF development is

dependent on numerous interacting factors within their

ecological environment. There is evidence that elements

of sensorimotor system development [6,7], language [8]

and attachment [29] are associated with SPs, however it

may also be the case that other individual components of

EF development may be associated with their own dis-

tinct sensitive period.

As noted above and elsewhere [13], EFs are a collective

term for different cognitive functions. It is known that

these are subserved by partly overlapping, but also dif-

ferent brain regions [2,30] and that they have subtly

distinct developmental trajectories [2]. As such it is

reasonable to assume that EFs are potentially under-

pinned by partially distinct SPs. While to date, there is

no evidence in support of this, we also believe this to be

unlikely. Cognitive functions (including EFs) become

more differentiated with age [31,32] and particularly

during early childhood, when SPs are likely to be opera-

tional for EFs, these are highly interrelated. This would

imply that the same SPs are likely to underpin all EFs

even though these ultimately mature into separable

functions.

Brain mechanisms

Studying SPs of EFs mandates a close examination of

underlying brain circuitry. Thanks to animal models, the

mechanisms underlying the operation, opening and clo-

sure of SPs are well understood. In comparison, there is a

dearth of studies that have shed light on this in humans.

Given the crucial role of prefrontal cortical brain regions

in EF development it is highly probable that SPs would

be subserved by specific developmental mechanisms in

subregions of lateral and medial prefrontal cortex and

their interaction with subcortical regions. Rather than

speculating further on these here, we wish to advance

an empirical framework within which these could be

studied in humans. Gamma-aminobutyric acid (GABA)

is the main inhibitory neurotransmitter in the central

nervous system. The onset of SPs is determined by

maturation of particular GABA circuits, namely parvalbu-

min (PV) cells, which serve as a crucial switch in plasticity

[8]. Whereas measuring or even manipulating cell activity

in vivo in humans is either challenging or ethically not

viable, other proxies might lend themselves to measure

such GABAergic activity. GABAergic activity can be

measured using both positron emission tomography,

and more important for developmental studies using

magnetic resonance spectroscopy [33,34]. Further, the

maturation of PV inhibitory neurons generates gamma

oscillations associated with critical period plasticity [35],

and which could be measured using EEG or MEG.

Taking an approach informed by animal studies and

triangulating across multiple methodologies, albeit prox-

ies of SPs, in longitudinal study designs will be able to
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advance the study of how and when SPs operate in EF

development.

Paradigms to investigate sensitive periods

SPs are typically studied using deprivation and enrich-

ment paradigms or a combination of the two. Most of our

mechanistic understanding of SPs has been gained

through systematic and controlled manipulation of envi-

ronmental input in animal models, yet mostly on sensory

and attachment systems. In humans, this type of experi-

mental manipulation is not possible, for clear ethical

reasons. Instead, we can study the effects of deprivation

occurring naturally in contexts such as institutionalisation

or adoption, and cognitive training studies as an analogue

of enrichment paradigms. To gain an understanding of

whether SPs exist for EF development, it is important to

consider the effects of dose, timing and duration. These

terms reflect the intensity or amount of an experience

(dose), at what developmental time-point it occurs (timing)
and how long this lasts (duration). To demonstrate that a

sensitive period exists, it must be the case that an expe-

rience has a particularly large effect at a certain point in

development (timing), rather than being accounted for by

how much (dose) or how long the experience lasted

(duration). It must be noted, that evidence from depriva-

tion studies often are not able to disentangle these effects

and therefore do not meet sufficient criteria for determin-

ing whether SPs exist (see Woodard 2020, this issue, for

discussion). We begin by discussing evidence from dep-

rivation studies.

Cognitive deprivation
Recent studies have shown that cognitive deprivation

during development is specifically associated with EF

deficits, and that this is distinct to other types of child

adversity such as maltreatment [36��,37]. Cognitive dep-

rivation, in comparison to other types of adversity, is

characterised by reduced levels of cognitive stimulation.

This may be experienced in contexts of poverty, neglect

or institutionalisation, all of which are associated with

altered EFs, including working memory, cognitive con-

trol and shifting [36��,38–40]. One of the ways that

studying these experiences can improve our understand-

ing of SPs is by informing whether it is possible for any

early-emerging EF deficits to be remediated by a change

in the environment. Studies that look at the long-term

effects of a change in environment after institutionalisa-

tion (due to adoption or foster home placement) provide a

good example of this.

Remediation after early deprivation has been demon-

strated across many domains including language, stress

reactivity, internalising symptoms, attachment, and brain

measures such as white matter connectivity [41–45]. The

evidence for remediation of EF is mixed [38,40,46,47].

One study in particular has been instrumental to this

question – the Bucharest Early Intervention Project
www.sciencedirect.com
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(BEIP). The BEIP is the only randomised control trial

(RCT) of foster care placement. It consists of an original

cohort of 136 children, who early in life (at an average age

of 22 months), were randomly allocated to either care as

usual (in orphanages) or foster care. Another group of

children who had never lived in institutions formed a

third testing group. This cohort has been studied longi-

tudinally, with testing on various measures at numerous

points of development. Due to the RCT design, the

BEIP avoids many pitfalls typically associated with insti-

tutionalisation studies, such as selection biases associated

with adoption and in this way, can more precisely

answer questions about the developmental effects of

institutionalisation.

Studies from the BEIP cohort report limited benefits of

placement into foster care on EFs, measured later in

childhood. At age 12, both groups of children who were

once institutionalised (i.e. both the ‘care as usual’ and the

foster care groups) showed lower performance across a

range of cognitive functions including visual-spatial rec-

ognition memory, spatial working memory, attention set

shifting and rule learning [38], inefficient orienting of

attention [40], and error monitoring [47], compared with

never-institutionalised children. A recent longitudinal

study examining the developmental trajectories in EFs

in this cohort from ages 8, 12 and 16, reported that there

were persistent deficits across measures of attention,

short-term visual memory and spatial working memory

at all ages [48��]. The only measures in which there was an

advantage of foster care compared with continued insti-

tutionalisation were visual-spatial memory and learning.

In the context of SPs, this suggests that deprivation

experienced very early in life leads to a long-lasting

impact on EF development, which does not remediate

with enhanced environmental exposure from foster care

placement.

Many studies also report that early experience of insti-

tutionalisation is associated with heightened rates of

psychopathology later in life, with attention-deficit

hyperactivity disorder (ADHD) symptoms of inattention

and over-activity reported particularly frequently

[42,45,48��,49,50,51,52��,53]. This may relate to persis-

tent EF impairments, as working memory and inhibitory

control performance mediates the association between

institutionalisation and ADHD symptoms at age 8 [54].

Two recent studies from a different cohort, the English

and Romanian Adoptees (ERA) cohort, report the long-

term psychopathology and neuropsychological outcomes

of early institutionalisation [52��,55]. Sonuga-Barke

et al. [52��] report that children adopted before 6 months

were indistinguishable from peers in adulthood on a

range of clinical measures, whereas those that spent

greater than 6 months in an institution presented with

increased rates of ‘quasi’ autism spectrum disorder,
www.sciencedirect.com 
disinhibited social engagement and inattention/over-

activity in adulthood.

A further study from the same cohort investigating neuro-

psychological functioning in adulthood did not report the

same 6 month ‘step change’ – rather, even institutiona-

lisation experienced at 3 months was associated with

neuropsychological impairments at age 25, including in

pro-active inhibitory control, which was accounted for by

impairments in IQ [55]. The authors highlight that

together these findings point towards a complex relation-

ship between neuropsychological functioning and clinical

outcomes, since individuals in the group adopted before

6 months may, in adulthood, have presented with lower

inhibitory control and IQ [55] but not ADHD symptoms

[52��], whereas deprivation for longer than 6 months

appears to be a key for developing clinical symptoms.

Nonetheless, both studies suggest that early severe dep-

rivation occurring specifically within the first 6 months of

life has long lasting effects for later EFs, which do not

remediate. Other studies have also reported a similar cut

off, or ‘step-change’ in terms of later development [56].

Children adopted before 6 [49] and 9 months [57] perform

better on measures of inhibitory control than children

adopted later in childhood. One study also reports a

negative association between inhibitory control perfor-

mance and age of adoption between 12-78 months,

highlighting that an older age of adoption is negatively

associated with inhibitory control abilities [58].

Although the importance of age of adoption on later

adaptive functioning has long been recognised [59], these

findings are intriguing given the protracted developmen-

tal period of EFs and the prefrontal cortex. Recent

research points towards extensive reorganisation occur-

ring within the prefrontal cortex in early infancy [60].

Factors occurring within the first few months of life

(Figure 1), such as parent-child interactions [61], includ-

ing scaffolding [20] and interaction contingency [62], or

levels of cognitive stimulation [63], may critically impact

early brain development and the development of capaci-

ties such as attentional regulation, which form the

‘building blocks’ of EFs, later leading to altered EF

development. Without such input in infancy, as may

be the case in institutions, EF development may be

perturbed. It remains to be determined whether this

period in early infancy constitutes an SP for EF develop-

ment or whether in fact this is a more general effect across

a range of functional domains.

Whilst these findings are intriguing in the context of SPs

and may suggest that the first 6 months represent a SP for

EFs, it is difficult to determine whether the reported

effects relate to SPs or general early developmental

effects. Institutionalisation studies often use the age of

adoption as a measure of duration (see dose, timing, and
Current Opinion in Behavioral Sciences 2020, 36:98–105
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duration, above) – however, it is also a measure of timing (i.

e. the developmental point at which the insult occurred),

and dose (i.e. earlier adoption = lower dose, later adop-

tion = higher dose). This demonstrates the difficulty of

disentangling these different aspects in deprivation stud-

ies [11].

Enrichment
As stated above, there are inherent limits to the empirical

possibilities in researching SPs in humans. Whereas dep-

rivation in animal models is experimentally induced and

under total experimental control, in humans such studies

rely on naturally occurring circumstances that are

reported on retrospectively. This has slowed progress

in our understanding and made the research on SPs overly

reliant on animal models. Enrichment paradigms offer

experimental control over environmental input without

the ethical constraint, following the logic that enriched

experience-expectant input during SPs will lead to

improved sensory or cognitive functions [64,65]. For

instance, it has been shown that perceptual mechanisms

underlying a range of different stimuli (i.e. faces, lan-

guage sounds, emotion expressions, racial cues) are ini-

tially broadly tuned and become more specialised for

specific types of discrimination with experience during

infancy [66–68]. Interestingly, Pascalis et al. [69] showed

that increased exposure to non-native faces between the

ages of 6-9 months leads to the sustained ability to

discriminate novel non-native faces otherwise lost after

9 months of age, providing evidence for a SP for the

development of face processing during the first year of life

[68]. Similar findings have been reported for the discrim-

ination of difficult speech contrasts during infancy [67].

To be able to infer SPs from enrichment studies the same

input needs to be provided across different age groups.

The study of enrichment of EFs rests well within a large

body of intervention studies aiming to improve EFs and

associated domains [4]. While few of these have explicitly

studied the interaction between age and EF performance

following enrichment, a meta-analysis of EF training

studies has demonstrated that the younger such trainings

took place (i.e. as young as infancy) the larger the gains

and the wider the transfer effects [70�]. It is impossible to

infer from one meta-analysis alone, whether the age-

related decrease of training effects on EFs constitutes

evidence for a SP or a decline in cortical plasticity more

generally. While a more systematic research programme is

required including large cohorts with a large age-range

and longitudinal designs with multiple follow-ups, train-

ing studies are a useful device to address questions related

to SPs [71].

Viewing enrichment as the positive side to deprivation is

perhaps not as straightforward as one might assume.

Experience-expectant implies that as long as a minimum

of the required input is received development will unfold
Current Opinion in Behavioral Sciences 2020, 36:98–105 
normally. It may be that enrichment during SPs does not

lead to any enhancements and as such may be useless to

inform on SPs. Enrichment may also endow the develop-

ing organism with increased resilience to potential future

stressors. Further detailed and methodically rigorous

work will be necessary to solidify the value of this

approach.

Adolescence as a sensitive period for EFs?

Adolescence is a period of considerable social, psycho-

logical and biological change and characterized by mas-

sive structural and functional brain reorganisation [72,73]

in part driven by hormonal development. It has been

argued that it might also constitute a SP for a range of

cognitive functions including affect regulation [71]. This

is based on cross-species developmental data where

reduced fear extinction was observed in adolescence

compared to childhood and adulthood in rodents and

humans [74], which was paralleled by absent extinc-

tion-learning induced synaptic plasticity in the infralim-

bic cortex in rodents. Interestingly, rodent studies track-

ing the development of perineuronal nets (PNN), which

preferentially surround GABAergic neurons expressing

parvalbumin (i.e. the molecular mechanisms of SPs),

found an age-related increase in PNN from juvenile to

adult rats in the infralimbic cortex [75�]. There is there-

fore suggestive evidence that adolescence might indeed

be a SP for affective regulatory processes.

Conclusion
To conclude, studies suggest that the early post-natal

months constitute a SP for EFs. Social interactions during

this period may act as a type of ‘experience-expectant’

input, which facilitates and directs an infant’s developing

attention systems, and influences an infant’s sense of

control over the environment, without which there may

be long-lasting alterations to EF development. At the

neuronal level this may be underpinned by early changes

in the attachment system and/or the developing prefron-

tal cortex (and its interaction with other brain regions see

[12]), which undergoes substantial changes during

infancy. Future studies are needed to conclude whether

this, indeed, constitutes a SP, or if this is a more general

mechanism. Similarly, training EFs appears to be more

effective at younger ages, but at present it is not possible

to disentangle whether this is because of a SP or may be

explained by normative changes in plasticity associated

with development. EFs include several inter-related but

distinct sub-domains. It may be that there are distinct

trajectories for different sub-domains of EFs, which may

themselves have distinct SPs. An example of this may be

a distinct SP for affect regulation during adolescence.

Disentangling these processes will be important for

future studies that aim to enhance EFs.
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