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Abstract

Research on human brain changes during skill acquisition has revealed brain volume expansion in 

task-relevant areas. However, the large number of skills that humans acquire during ontogeny 

militates against plasticity as a perpetual process of volume growth. Building on animal models 

and available theories, we promote the expansion–renormalization model for plastic changes in 

humans. The model predicts initial increase of gray-matter structure, potentially reflecting growth 

of neural resources like neurons, synapses, and glial cells, which is followed by a selection process 

operating on this new tissue leading to complete or partial return to baseline of overall volume 

after selection has ended. The model sheds new light on available evidence and current debates, 

and fosters the search for mechanistic explanations.
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Human Brain Plasticity: Expansion and Renormalization?

In 1894, Nobel Prize winner Santiago Ramón y Cajal, considered by many to be the father 

of modern neuroscience, proposed that mental activity might induce morphological changes 

in brain structure. Nearly one hundred years later, studies using magnetic resonance imaging 

(MRI, see Glossary and Box 1) have reported experience-dependent increases in regional 

estimates of human brain volume and cortical thickness in adulthood. For example, it has 

been found that London taxi drivers’ gray matter in hippocampus enlarges and adapts to help 

them store a detailed mental map of the city in which they regularly have to navigate [1]. To 

date, alternations in brain structure have been reported following various kinds of behavioral 

interventions on quite different time scales, such as several months of juggling training [2], 

studying for a medical exam [3], spatial navigation training [4], or foreign language 

acquisition [5], two weeks of mirror reading training [6], or a few sessions of complex 

whole-body balancing [7].
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However, the existence of learning-related increases in brain volume raises a puzzle that was 

already recognized by Ramón y Cajal in 1984: “How can the volume of brain remain 

constant if there is a multiplication and even new formation of terminal branches of 

protoplasmic appendices and nerve collaterals [induced by mental activity]?” (cited in [8]). 

Specifically, it seems unfeasible that the vast amount of knowledge and large number of 

skills that humans acquire during their lifetimes are ultimately represented by continual 

increases in brain volume. Endless expansion may not be nature’s best solution to the 

phenomenon of lifelong learning, when in other parts of evolution processes of trimming 

and selecting the best amongst several candidates has proven immensely useful. Even 

though previous research on structural plasticity in human adults has not explicitly addressed 

the issue, it seems likely that the previously observed increases in regional estimates of brain 

volume do not tell the entire story. Indeed, some of the published studies have also observed 

decreases, which have often been left unexplained [7,9,10].

Here, we discuss how the expansion–renormalization model, which is rooted in accounts of 

plasticity from developmental research and animal models, can aid the interpretation of 

existing human adult data and generate future research questions in research on human 

structural brain plasticity. According to the expansion–renormalization model, learning-

related neural processes often follow a sequence of expansion, selection, and 

renormalization [11–13]. This resembles the audition process for the cast of a movie, where 

initially numerous candidates (i.e., computational circuits or ensembles of e.g., neurons, 

synapses, astrocytes, and glia cells) are called in (overall tissue expansion). These are then 

tested for suitability for the role (i.e., functional efficiency) and the best candidates (i.e., 

circuits) are then selected (selection), while the rest are sent home (i.e., pruned away; 

leading to renormalization). Calling in more candidates (i.e., brain structure growth) 

improves the quality of the selection, but does not constitute the end product.

Human skill acquisition and some instances of learning may therefore involve an initial but 

transient phase of increase of gray matter structure, followed by a partial or even complete 

return to baseline once a (presumably behaviorally optimal) neural circuitry has been 

selected. Cellular changes that may underlie the observed macroscopic volume increase and 

renormalization, and are known to follow this pattern, include adult neurogenesis, synaptic 

changes, and changes in the number and morphology of glial cells [14]. Together, these 

potential cellular processes may contribute to experience-induced alterations and 

renormalization of gray matter structure as observable with MRI. In Figure 1 we have 

portrayed a schematic illustration of these potential cellular changes.

In the sections that follow, we show that the inverted-U shape of plastic change seems to 

hold true across different spatial extensions and timescales of plasticity. We have recently 

shown this pattern for structural changes in human gray matter structure [15], as observable 

with MRI. We give a brief overview of the potential cellular mechanisms that may contribute 

to this observable volume changes on the macroscopic level. We then summarize evidence 

on the inverted-U shape of plastic changes for cortical map dynamics [16–18], and synaptic 

changes [19–21], as well as for developmental processes, and conclude with an outlook on 

future research directions in this field.
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Expansion and Renormalization of Human Gray Matter Structure

Research has documented changes in human gray matter structure after a few months of 

training (e.g., [2,5] as noted above) and has also indicated that such changes can emerge 

quite early during the learning process [7,22–24]. However, the fate and durability of these 

changes has not been tracked in the course of continuous learning in humans. Recently, we 

acquired up to 18 T1-weighted structural MR images over a 7-week period, during which 15 

right-handed adult participants practiced left-hand writing and drawing [15]. The images 

were analyzed with voxel-based morphometry (VBM), yielding estimates of gray matter 

volume, based on the T1-weighted signal (see Box 1 on MRI for further information). After 

four weeks, increases were observed in the estimates of gray matter volume in both left and 

right primary motor cortices relative to a control group; another three weeks later, these 

differences were no longer reliable. Time-series analyses showed that the estimates of gray 

matter volume in both primary motor cortices increased during the first four weeks and then 

partially renormalized, particularly in the right hemisphere, in the presence of continued 

practice and increasing task proficiency.

These results are in line with findings from a series of studies investigating effects of whole-

body balancing training – even though on a slightly different time scale [7,24]. Rapid 

increases in cortical thickness in primary motor cortex were observed after approximately 45 

minutes of training that were not detectable after 2 weeks of training. Importantly, the above 

described results are also in line with results from an animal study, in which three adult 

macaque monkeys were scanned on multiple occasions before, during, and after learning 

how to use a rake to retrieve food [25]. There were learning-related increases in task-relevant 

brain regions that also mapped onto the learning curves. Crucially, despite continued 

training, the observed increases in gray matter structure reversed after the monkey’s 

performance reached asymptote. After training, the volume was still greater than the volume 

before training, but much smaller in magnitude than the peak volume observed before 

asymptotic performance was reached.

Learning-related expansion–renormalization changes differ from volume decreases induced 

by disuse or lack of sensory input, observed for example following hand immobilization or 

limb amputation [26,27]. In stark contrast to the latter, task performance continues to 

improve or stabilizes at high proficiency levels during the renormalization period.

Cellular processes potentially underlying gray matter changes

Increases and decreases of estimates of localized volume during learning as observed with 

MRI are most likely the result of a conglomerate of different cellular processes [14,28]. 

Figure 1 schematically illustrates these cellular processes. Several candidate mechanisms on 

the cellular and molecular level have been proposed that could account for MRI observations 

[14], including neurogenesis, synaptic changes, dendritic branching, and axon sprouting, as 

well as changes in glial number and morphology (for both astrocytes and microglia). It 

should be noted that changes observed outside of the hippocampus are probably not due to 

neurogenesis, as growth of new neurons in adults has only been established in the dentate 

gyrus and the olfactory bulb (e.g., [29,30]) and, more recently, in humans in the striatum 
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[31]. Synaptogenesis and changes in spine morphology have been discussed in the context of 

learning and gray matter alterations. In animal work, synapse formation and synaptic 

turnover have been implicated in supporting learning-dependent changes in cortical function 

[32–35]. Changes in dendritic length and branching or in the actual number of dendritic 

spines per neuron are likely to contribute to experience-dependent volumetric changes in 

gray matter (e.g., [11,36,37]. Glia cells maintain ion homeostasis, regulate blood flow in 

response to neuronal activity, form myelin, and provide support and protection for neurons 

[38,39]. They are highly plastic, can increase in number, and display a number of 

morphological changes in response to altered experience, including increased volume 

fraction, increased cell surface, and proliferation of their processes, all of these can be 

summarized under the term gliogenesis [40–42]. Glial processes could in theory increase to 

support new synapses, or to compensate for neuronal process loss [43]. Thus, increases in 

gliogenesis could to some extent account for gray matter changes observed with MRI [14]. 

Figure 1 sketches out how changes on the cellular level for the different cell types mentioned 

above could hypothetically contribute to the overall increase of gray matter volume followed 

by its decrease. It is likely that the structural changes uncovered by MRI represent the net 

outcome of a complex mixture of changes across these different cell types.

Cortical Map Dynamics and Functional Changes

Similar to macroscopic changes in estimates of regional gray matter volume, cortical map 
plasticity follows a comparable pattern of expansion followed by renormalization during 

learning [16–18,44–50]. For example, it has been found that rats training to perform a 

skilled reaching task exhibit expanded cortical maps after three days of training [16]. After 

eight days of training, however, these expansions had subsided, while behavioral 

performance remained stable. A similar pattern was observed in a different study where the 

global tonotopic representation in the auditory cortex of rats changed progressively 

depending on the stage of training in auditory operant conditioning [47]. At the early stage, 

tone-responsive areas in the core cortex expanded, while both the core and belt cortices 

shrank at later stages as behavior became conditioned. Similar renormalization occurs in the 

human visual cortex after learning a visual discrimination task [44]. Within the first few 

weeks of training, brain activation in a V1 subregion corresponding to the trained visual 

field quadrant increased alongside task performance. While improvements in task 

performance then saturated and performance was maintained at a stable level, brain 

activation in the corresponding areas renormalized to pre-training levels. The same pattern 

has been observed during human motor skill acquisition [46]. Ten subjects performing a 

finger movement task daily for four weeks showed increases in regional activity in primary 

and supplementary motor areas as observed with functional MR imaging after two weeks of 

training. However, activity decreased from week two to week four [46]. More generally, 

motor sequence learning has been shown to be associated with increasing motor system 

activity in the early stages of learning, followed by a reduced level of activity during 

execution of highly practiced motor behavior [51].

In an important study, an extension of the auditory cortical map in rats was experimentally 

created using a technique called nucleus basalis stimulation–tone pairing [17]. Subsequently, 

animals were trained in an auditory discrimination task, where improved discrimination 
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learning was observed in animals with an expanded cortical map. Auditory cortex map 

expansion diminished over the following weeks but left tone discrimination performance 

unaffected. Thus, the expansion of the maps was related to the trajectory of learning, but was 

not necessary for maintenance of the learnt skill. Later work indicates that microstructural 

changes accompany such functional reorganization. The pattern of cortical map expansion 

and retraction was also investigated with functional MRI and – on a more cellular level – 

with paired electrophysiological recordings in the periphery of expanded whisker 

representation [48]. It was shown that pyramidal neurons are initially recruited to local 

excitatory networks and then eliminated from them, resulting in bidirectional rewiring in 

somatosensory cortex following deprivation of its main whisker input.

An expansion–renormalization model has been proposed to account for these findings 

[12,17]. Initial fast, flexibility-based [52] learning may involve the selection of a pre-

existing efficient circuit [12]. Subsequent slower learning may then evolve through a 

transient phase of map expansion that serves to temporarily augment the pool of circuits to 

be used in an “explorative” manner, until the most efficient circuitry has been selected to 

perform the task. Later in learning, performance relies on the selected circuitry that is further 

stabilized through practice, and thus the cortical map renormalizes.

Formation and Elimination of Synapses

Research regarding learning-related changes in dendritic spines is consistent with the 

hypothesis that the memory trace serving skilled performance is often localized in rewired 

specific circuitry rather than in any large-scale expansion of tissue in the whole region 

[11,36,53]. During motor skill acquisition or new sensory experiences, novel dendritic 

spines rapidly grow to form synapses in sensory and motor cortices of rodents [19–21]. In 

this process, the dendrites are not merely passive couriers of synaptic currents to the soma, 

but rather play a crucial role for synaptic plasticity, as they generate several-fold more spikes 

than the soma and are therefore also a unit of neural computation [54]. However, with 

continued training or experience, the phase of growth is followed by a slower process of 

stabilization of the new synapses and elimination of spines that had existed before training 

(and potentially formed early in life), almost returning the overall number of spines to pre-

training levels, while performance on the trained task remains high [19,20]. A small fraction 

of the new spines remain stable over a long period of time [20,21] and might serve as a form 

of memory of the skill, rapidly becoming active as soon as the task is repeated. However, no 

new spines are grown unless the task is a novel one [19–21,55].

Plastic Changes: A Darwinian Learning Process

The pruning model of early development [56–58] posits the same general pattern of increase 

followed by decrease as described above, only on an ontogenetic timescale. The rapid 

increase of synapses after birth is followed by experience-dependent selective stabilization 

of behaviorally relevant connections and the elimination of those connections that prove to 

be non-functional [59], resulting in an overall trajectory of decrease from childhood to 

adolescence [60,61] (but see also [62] for other potential mechanisms next to pruning 

resulting in this shape of change).
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In our view, learning and development, while operating at different spatial and temporal 

scales, both integrate constructivist and selectionist features. The coordination of 

construction and selection permits directed growth in response to new experiences, followed 

by stabilization of functional synaptic constellations and an elimination of the surplus (see 

also [20]). A process like this, with initial production of diversity followed by selection and 

stabilization, has the features typically ascribed to Darwinian models of cortical plasticity 

and neural development [12,63–66]. The expansion–renormalization model of plasticity is 

therefore in agreement with the Darwinian framework, exhibiting these three major traits: 

diversity (initially calling in a large number of cells of various types), selection, and 

stabilization [12,65,66]. Within our previous analogy of auditions for the cast of a movie, 

numerous candidates are first progressively called in, then the best are selected, and the rest 

are sent home, that is, “pruned away.” Calling in more candidates may improve the outcome 

by increasing the likelihood of finding a global rather than local maximum of optimality, but 

a larger cast (i.e., more gray matter) is not the targeted end product. Metabolic efficiency 

might be a driving force behind this process [13], as learnt information can be represented 

by fewer spikes (or neurons) after skill acquisition than before [67,68]. While more neurons 

and synapses are being used during initial stages of learning, potentially entailing an 

expansion of tissue in these regions due to metabolic demands, later on, the most efficient 

wiring is selected, resulting in fewer, but highly specialized and stable neurons and synapses 

[13]. Given the efficiency and robustness of such a process and its past application to related 

plasticity phenomena, it is surprising that it has not been seriously considered so far in the 

field of human experience-dependent structural changes of gray matter.

Future Perspectives

We have argued that the concepts of expansion, selection, and renormalization are consistent 

with animal models and theoretical accounts of skill acquisition and development, and 

together contribute to a mechanistic understanding of human plasticity. Importantly, the 

expansion–renormalization model opens up several new research directions, informs 

predictions for work on experience-dependent and developmental changes in human brain 

structure (see Outstanding Questions Box), and calls for a critical examination of the current 

evidence [69]. Much of the evidence supporting the expansion–renormalization model is 

related to sensory and motor skills. It remains to be investigated how general of a principle 

this pattern of expansion and renormalization is and whether increasing proficiency in tasks 

tapping into higher-order cognitive abilities are characterized by a different shape of plastic 

brain changes, with growth possibly being maintained for longer.

To appropriately capture the temporal dynamics of plastic changes, it is necessary to include 

more than two measurement time points when investigating any training, intervention, or 

developmental process. Interestingly, previous studies with measurements only before and 

after training have not only reported increases in gray matter volume, but also some 

decreases [7,9,10], which were often left mechanistically unexplained. The expansion–

renormalization model predicts decreases if the first MR measurement of participants is 

taken after volume expansion has already occurred; that is, at a point in time when 

individuals have attained some proficiency in performing the target task, either in the course 

of the experiment or outside the laboratory.
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Generally, adopting the expansion–renormalization model requires new study designs with 

multiple measurement time points to investigate associations between behavioral 

improvements and structural changes in humans (which have been notoriously difficult to 

detect, see [70]). Such associations are expected to depend on the timing of measurements 

and individual differences in learning progression. For example, reductions (or smaller 

increases) in volume may relate to greater behavioral improvements if post-test 

measurements are taken during the renormalization phase. Our line of reasoning also 

resonates well with findings regarding the physiological basis of the effects of earlier 

episodes of plasticity on later learning. The malleability and later preservation of post-

synaptic spines on apical dendrites of pyramidal neurons in Layer V have been found to 

serve as mechanisms to encode and store memory in cortical circuits [20,21,55,71,72]. 

Experiences triggering plastic changes therefore leave a trace in cortical circuits that are 

selected for the learned skill and that provide a structural substrate for memory retention. 

Based on this evidence, we can speculate that the expansion–renormalization pattern is 

reduced or even absent when a previously acquired skill is reactivated, for instance, when 

training on a task that has previously elicited plastic change is resumed after a break. The 

most efficient cortical circuit is already selected and the skill in question is represented as 

“trace” (i.e., most likely within previously acquired synaptic connections) in this circuit, 

which just needs to be reactivated. Therefore, no new circle of expansion and 

renormalization is needed [19–21,53].

Training-dependent brain changes in both animals and humans are typically paralleled by 

behavioral performance improvements on the practiced tasks (e.g., [15,19,25]; for review, 

see [70]). It is tempting to conclude that structural brain changes “reflect” improvement in 

behavioral proficiency. However, structural brain changes may also be practice-related 

epiphenomena, reflecting adaptive changes of the brain to metabolic demands driven by 

increased local neural activity. Thus, the critical question is whether supervisory learning 

signals are required to trigger practice-related structural brain changes, or whether such 

changes also occur in the absence of such a signal, that is, during use of the region but 

without learning [73]. The example of prior cortical map extension improving later learning 

in an auditory discrimination task [17] indicates that cortical map plasticity does indeed 

enhance learning, but more studies tackling the difference between learning-dependent or 

use-dependent brain changes are needed. To shed light on this issue, it is crucial to 

investigate the link between functional activation and structural brain changes, including 

their roles in cortical map plasticity, and how they relate to behavioral changes.

A related point of debate concerns the transfer of training effects to untrained functions. The 

neural overlap hypothesis predicts that brain changes induced by training a specific function 

might also affect untrained functions relying on the same or at least partially overlapping 

neural networks [74]. Still, many cognitive intervention studies show scarce evidence for 

generalizable performance improvements, that is, transfer of skills to untrained tasks (for a 

review, see [75,76]). We may speculate that within the expansion–renormalization model 

transfer effects could be most likely to occur prior to the renormalization phase of structural 

changes, that is, at or just before volume expansion has reached its peak. At this point, in 

terms of the movie casting analogy, several candidates are called in for the audition, that is, 

numerous neurons, synapses and glia cells are around anyway. Some of them may not be 
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kept for the initially intended production, that is, the initially trained task (i.e., they are 

destined to be “pruned away” during the renormalization phase), but may end up taking over 

“roles” in other productions, that is, may actually be recruited for another task and are 

therefore kept anyway. Hence, we contend that transfer to related skills may be most likely 

in the time window after expansion and before renormalization. If this hypothesis is correct, 

broadening the range of trained skills in the course of the intervention may prove to be 

effective in creating lasting transfer effects.

Finally, identifying the nature of the cellular processes contained in the MRI signal and their 

timing and coordination during skill acquisition [77,78] continues to be notoriously difficult. 

Changes detectable with MRI are likely to represent a mixture of coordinated changes in 

different cell types (see Figure 1) and possibly changes in intra-cortical myelin [79]. 

Imaging techniques that allow for a closer link to biological underpinnings hold the potential 

to evaluate different hypotheses regarding cellular mechanisms underlying gray matter 

changes. MR sequences like myelin-water fraction [80] or multi-parameter mapping [81] 

come to mind, as well as proton MR spectroscopy which has already been used to 

characterize neurochemical concentrations in aging [82] and could potentially also be useful 

in the context of learning-dependent brain changes [83]. Recently, a new radioligand has 

been used in positron emission tomography (PET) to quantify synaptic density in the living 

brain [84], which opens insights into cellular processes. Combining experimental work in 

humans with comparable animal models holds the potential to relate changes visible with 

MR techniques to underlying biological mechanisms that are normally only observable with 

more invasive methods [10,77,85–87]. This work will help to delineate the concerted 

succession of changes in different cell types in greater detail, and to decompose the 

processes that give rise to the expansion–renormalization trajectory [15].
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Glossary

Cortical maps. Cortical organization of sensory and motor systems is often described in 

terms of maps. Cortical maps are collections (areas) of minicolumns in the cortex whose 

functional topography corresponds to graded variations on an underlying sensory or 

motor dimension. In the somatotopic map of the motor cortex for example, stimulation of 

different areas evokes movement of distinct parts of the body. These cortical 

representations are not static. Cortical map expansion refers to the phenomenon of an 

increase in cortical representational area, be it within the motor, somatosensory, the 

visual, or the auditory system.

Flexibility. We define flexibility as the adaptive reconfiguration of the existing behavioral 

repertoire in the absence of structural change. Hence, according to our definitions, 

changes in synaptic weights of already established synaptic connections, for example, 

qualify as flexibility rather than plasticity.

MRI. Magnetic resonance imaging is a non-invasive imaging method that uses a strong 

electro-magnetic field to align hydrogen atoms of water molecules in tissue. See Box 1 

for further details.

Plasticity. We define plasticity as the inherent ability of the brain to undergo lasting 

structural change in response to altered environmental demands [52,70]. Plastic changes 

are triggered in the presence of a prolonged mismatch between the functional supply of 

brain structure and the experiential demands of the environment. Plastic changes thus 

require plasticity, but are not synonymous with it. We define plasticity as the organism’s 

potential for plastic change.
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Box 1

Magnetic Resonance Imaging in Human Plasticity Studies.

Magnetic resonance imaging is a non-invasive imaging method that uses a strong 

electromagnetic field to align hydrogen atoms of water molecules in tissue. Radio 

frequency fields are used to systematically change the alignment of magnetization. This 

results in a rotating magnetic field created by the hydrogen atoms as they return to 

baseline that can be detected by the MR scanner. The resulting signal can be used to 

construct an image of the brain because different tissues (e.g., gray and white matter) 

have different magnetic properties [88]. Commonly, studies on structural plasticity in 

humans have used so-called T1-weighted images. The parameter T1 characterizes the 

exponential curve with which the magnetization of the proton ensemble goes back to its 

equilibrium value, and differs considerably between white and gray matter. T1-weighted 

images are therefore commonly used for measures of gray matter morphology.

Although some studies of human plasticity have applied manual segmentation 

techniques, MR images have most often been processed automatically either using voxel-

based morphometry (VBM) or by using computational tools (e.g., FreeSurfer) that 

outline cortical thickness or estimate regional brain volume. Voxel-based morphometry is 

based on shifting the MR images into a common stereotactic space and allows 

identification of regional differences by applying voxel-wise statistics in a combination 

with Gaussian random fields, identifying each voxel’s probability of belonging to one 

tissue class (gray matter, white matter, or cerebrospinal fluid) [89]. The resulting measure 

of gray matter probability reflects a mix of cortical thickness (that can be estimated with 

techniques such as Freesurfer) and surface area/curvature (which is unlikely to change in 

short-term plasticity studies on adult humans) [90], and is additionally influenced by 

alterations in the T1 signal in the absence of volume changes (while estimates of cortical 

thickness are less sensitive to changes in the signal [91]).

Experience-dependent morphological brain changes have been studied in animals for a 

long time [92–95]. The discovery that structural alterations are detectable with MR 

imaging of humans has opened up a new window on brain correlates of human learning, 

as MR imaging allows for in-vivo investigations of human brain structure with 

increasingly informative acquisition sequences [77,78]. However, changes detectable 

with T1-weighted MR images (but also most other types of MR images) are typically 

difficult to relate to underlying biology. To further complicate matters, the T1 signal most 

often used in plasticity studies as described above may not only be sensitive to the 

targeted changes in gray matter structure (e.g., structural changes of neurons, glia cells, 

and myelin) but may also pick up functional activation changes through concomitant 

changes in cerebral blood flow [96]. In addition, movement [97] and exact positioning of 

the head [98] may influence estimates of grey matter volume. Thus, care in design and 

methods are needed to avoid these confounding interpretations. Additionally, increases in 

myelination may change the measurement of gray matter probability or cortical 

thickness, such that an increase in intra-cortical myelination [99] may result in an 

apparent decrease of estimates of gray matter volume. It therefore seems important to 

closely observe myelination with appropriate MR sequences when interpreting changes 
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in gray matter. While changes in adjacent white matter may potentially perturb the exact 

measurement of gray matter in some instances, changes in intra-cortical myelination 

(such as increased myelination of axons of neurons that have formed new dendritic 

connections) may exactly be part of the phenomenon of interest. The search for 

biological mechanisms underlying gray matter changes in humans calls for the use and 

further development of more quantitative and better interpretable MR sequences [77,78].
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Outstanding Questions Box

• How can we better bridge the gap between microscopic methods used in 

animal models and macroscopic methods used in human research?

• Are expansion–renormalization patterns observed at different spatial and 

temporal scales sharing common biological mechanisms or have they been 

shaped independently and happen to unfold in a similar way by common 

requirements to form complex but robust dynamic systems?

• What is the trigger that initiates expansion? Are top-down signals coding for 

the mismatch between task demands and available cortical resources, or does 

increased reliance on a specific brain region alone suffice to begin the 

process? Through which mechanisms does expansion stop and 

renormalization start? Can these top-down signals be related to theories of 

model-based and model-free learning [100]?

• Which methods are adequate to investigate functional correlates of structural 

reorganization in the course of expansion and renormalization (e.g., high-

resolution multivoxel pattern analysis)?

• How does reactivation of a previously acquired skill differ from initial skill 

acquisition?

• Much of the evidence supporting the expansion–renormalization model is 

related to sensory and motor skills and focused on changes in cerebral cortex 

areas. Is increasing proficiency in tasks tapping into higher-order cognitive 

abilities also associated with expansion–renormalization patterns in task-

relevant areas and are the mechanisms the same for subcortical regions?

• Can the expansion-renormalization model guide research on transfer of 

training? Should transfer tasks be introduced prior to renormalization to 

enhance generalization across skills?

• Do associations between behavioral improvements and structural changes 

differ across individuals?

• Can the expansion–renormalization model help to better understand age-

related differences in cortical plasticity from infancy to old age?
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Trends Box

• Research on human plasticity has been energized by the discovery of 

experience-dependent growth of brain volume in adulthood. However, is it 

really feasible to portray the vast amount of knowledge and the large number 

of skills that humans acquire in terms of a perpetual process of brain volume 

growth?

• Prominent theoretical accounts of plasticity, developmental data and animal 

models suggest a sequence of learning-related expansion, selection, and 

renormalization of brain activity and structure.

• Recent studies on experience-dependent changes in gray matter structure 

support this model also for human learning. Estimates of the volume of 

human primary motor cortices were recently shown to increase during the 

first weeks of motor learning, and then partially renormalize during continued 

practice.
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Figure 1. Schematic illustration of potential cellular changes underlying gray matter volume 
expansion and renormalization as detectable with MR images.
In the course of training, behavioral performance continuously increases until it stabilizes 

(1). Estimates of regional gray matter volume increases during initial phases of learning and 

renormalizes either partially or completely to baseline levels during later phases when high 

task proficiency is reached (2). Adult neurogenesis (restricted to some regions of the brain) 

(3) may accompany this process of learning and is characterized by initial proliferation of 

neuronal progenitor cells, some of which further undergo apoptosis. Some of these new cells 

survive while most die during their differentiation, migration, and neuronal maturation. 
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Synaptic changes (4) may follow a comparable pattern with dendritic branching and axonal 

sprouting increasing the number of synapses during initial phases of learning but then 

returning to baseline levels. Importantly, the selective elimination of dendritic branches, 

axonal projections, and synaptic connections – a process typically referred to as pruning – 

along with the stabilization of synapses allows for particularly efficient neural rewiring. 

Finally, changes in the number and morphology of glial cells (5) may again follow a 

comparable pattern, as they can proliferate and shift from resting to activated states and 

return to resting state again, once the skill is acquired. Together, these potential cellular 

processes may contribute to experience-induced alterations and renormalization of gray 

matter structure as observable with MRI.
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