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Introduction

When does your brain stop growing? A simple answer is: never.

Of course, the most dramatic growth happens in the womb. During the short period of nine

months, the initial “mother” cell gives rise to over 100 billion nerve cells, and a brain that weighs

about 400 grams when a child is born. As the child learns to walk and talk, her brain continues to

grow, reaching the size of 1,200 grams by the time she is four years old; this is only about 200

grams less than an adult. But it does not stop there.

Over the next 10 to 15 years, until the child becomes a young adult, the brain growth continues:

it now affects different brain compartments in a slightly different way. For example, the

thickness of the different regions of cerebral cortex changes between 5 and 18 years of age at

different paces, with the regions important for reasoning, planning and social communication

maturing last. The white matter containing the pathways that connect the different brain regions

continues to mature as well during this period. In boys, the volume of white matter increases

sharply during adolescence, perhaps under the influence of the rising levels of the sex hormone,

testosterone. In girls, changes in white matter seem subtler and may reflect a process called

myelination, by which axons gain additional layers of a fatty substance called myelin, which

makes them conduct nerve impulses faster.
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What happens next? Does the brain of an adult stop growing? Not really.

It seems that experience continues to shape our brains even in our early 20s. For example, if you

are trying to learn how to juggle three balls and you practice every day for two months, the parts

of your cerebral cortex that are tracking the moving balls grow. Although we do not know which

cells are growing, it is likely that all the additional brain activity in this brain module, specialized

for tracking movement of visual stimuli, elicits a cascade of events leading to a structural change

in this region. However, this is not permanent – if you stop juggling, it is gone a couple of months

later.

Finally, what about the “aging” brain? Does it grow or shrink?

This seems to depend on where in the brain we look and whose brain we look at. For example,

older professional musicians playing in an orchestra are possibly gaining, and certainly not

losing, grey matter in the cortical region that may be engaged repeatedly during their work, such

as frequent sight-reading of musical scores. This observation suggests that the brain structure

continues to be plastic and amenable to experience even later in life.

How do we know all this? To a great extent, the above knowledge was gained through the use of

magnetic resonance imaging (MRI) to visualize the living brain in healthy participants, from

infancy, through childhood and adolescence into adulthood. MRI is a powerful non-invasive

technique that allows us to take detailed 3-dimensional pictures of the brain in less than 15

minutes. These are then analysed using various computational algorithms that quantify,

automatically and precisely, many different features, such as thickness of the cerebral cortex,

volume of grey and white matter or properties of major white-matter pathways. The widespread

availability of magnetic resonance (MR) scanners and the relative ease of acquiring structural

images of the brain makes MR an ideal tool for large-scale studies of brain development and the

various factors that may influence it, both in relation to an individual’s genes and her

environment. The emerging discipline of “population neuroscience” provides laboratory-based

research to the field. Measuring the human brain on a population level allows us to study the

complexity of human existence and the circumstances, whether psychological (e.g., early life

stress) or biological (e.g., nutrition), under which we grow.1 I will now describe in more detail the

basic principles of MRI, the use of computational tools to quantify the brain growth and a few

conceptual issues related to the interpretation of findings obtained with these techniques.
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MRI: Basic principles

For imaging brain structure, the most common acquisition sequences include T1-weighted (T1W)

and T2-weighted (T2W) image diffusion-tensor images (DTI) and magnetization-transfer images

(MT). The T1W and T2W images are typically used for quantifying the volume of grey and white

matter (both global and regional), and estimating the cortical thickness or other morphological

properties of the cerebral cortex, such as its folding. Using DTI and MT imaging, one can assess

different properties of white matter, again both globally and regionally. The various features of

brain structure that can be extracted from these four types of images are described below. In

addition to the above sequences, less common but often even more informative acquisitions

include T1 and T2 relaxometry (i.e., measurement of the actual relaxation times)2 magnetic

resonance spectroscopy (MRS).2

For imaging brain function, the most common MR parameter to measure is the blood

oxygenation-level dependent (BOLD) signal. The BOLD signal reflects the proportion of

oxygenated and de-oxygenated blood in a given brain region at a given moment. A strong

correlation between the amount of synaptic activity and regional cerebral blood flow is the

reason why the BOLD signal is a good, albeit indirect, measure of brain “function.”3 In the

majority of functional MRI (fMRI) studies, one measures changes in BOLD signal in response to

various sensory, motor or cognitive stimuli. Therefore, only brain regions that are likely to

respond to such stimuli can be examined using a given paradigm.

Structural MRI: Measuring the brain growth

As pointed out above, the different acquisition sequences capture various properties of grey and

white matter and, in turn, provide a wealth of information that can be extracted from the images

using an ever-growing array of computational algorithms. Here I provide an overview of the most

common techniques used in developmental studies:

Computational analysis of high-resolution structural brain MR images (typically T1W and T2W

images) is used to extract in a fully-automatic fashion two types of measurements: (1) Voxel- or

vertex-wise features derived for each X, Y and Z (i.e., three-dimensional) location (e.g., grey- and

white-matter “density” maps, cortical thickness, cortical folding); and (2) Volumetric measures

(volumes of grey or white matter in particular brain regions, or the area of specific brain

structures, etc).
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Density maps are generated by (1) registering T1W images with a template brain (e.g., the

average MNI-305 atlas);4 (2) classifying the brain tissue into grey matter (GM), white matter

(WM) and cerebrospinal fluid (CSF); and (3) smoothing the binary 3-D images (i.e,. GM, WM and

CSF) to generate 3-D maps of GM/WM density. These maps are then used in voxel-wise analyses

of age- or group-related differences in GM or WM density.5

Cortical thickness can be measured, for example, using FreeSurfer; this is a set of automated

tools for reconstruction of the brain cortical surface.6 The local cortical thickness is measured

based on the difference between the position of equivalent vertices in pial and grey/white

surfaces. Local estimates of cortical folding can be obtained by measuring, for every point x on

the cortical surface, the area contained in a small sphere centred at x.7

The volume of brain tissues (grey matter or white matter) can be estimated by registering

images to a labeled template brain on which lobes have been defined traced by an expert. One

can then count the number of grey and white matter voxels belonging to a given anatomical

region, such as frontal lobe.8,9 More sophisticated algorithms are often developed to segment

small structures with poorly defined boundaries, such as hippocampus amygdala.10

In addition to the density maps and volumetric measurements of white-matter structures, such as
the corpus callosum, two other techniques are used to evaluate structural properties of white
matter: diffusion tensor imaging (DTI) and magnetic transfer (MT) imaging. Using diffusion
tensor imaging, one can estimate local differences in the magnitude and directionality (fractional
anisotropy) of the diffusion of water in the extra-cellular space around the axons. It is assumed
that fractional anisotropy varies as function of structural properties of white matter, such as 
myelination and fiber arrangement of a given white-matter tract.11,12

The magnetization transfer ratio (MTR) is another measure employed for the assessment of

white-matter properties; it provides information on the macromolecular content and structure of

the tissue.13 Given that the macromolecules of myelin are the dominant source of MT signal in

white matter,14,15 one can use MTR as an index of myelination. Note, however, that myelin is not

likely to be the sole factor influencing MTR.11

The above techniques provide a wealth of information about structural properties of the human

brain. Work described in the reviews by Durson16 and Giedd17 used some of these approaches to

chart brain development from childhood to adolescence.
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Interpreting brain images

A number of conceptual frameworks have been put forward to interpret some of the findings

reviewed above vis-à-vis underlying neurobiology. Unfortunately, the indirect nature of the

available measures makes it very difficult to verify the validity of some of these propositions.

Cortical grey-matter and synaptic pruning

It is the case that MR-based estimates of the volume of cortical GM and cortical thickness appear

to decrease during adolescence. This has been often interpreted as an indication of “synaptic

pruning,” a process by which “redundant” synapses overproduced in the early years of life are

being eliminated.18 The initial evidence for accelerated synaptic pruning during post-natal

development came from post-mortem studies by Huttenlocher, who described a decrease in the

number dendritic spines in the human cerebral cortex during childhood and adolescents.19,20 But

these studies were limited by the low number of specimens available for the different stages of

human development. A more definite evidence of synapse elimination during adolescence was

provided by studies carried out by Rakic and colleagues in non-human primates.21,22 Using

electron microscopy, they observed a dramatic decrease in the number of synapses in the

monkey visual cortex during puberty, whether expressed as a number of synapses per neuron or

per cubic millimetre of neuropil (unmyelinated nerve fibers) (about a 45% loss). But it is unlikely

that this decrease in synaptic density translate into a decrease in cortical volume. Bourgeois and

Rakic21 commented that “changes in the density of synapses affect very little either the volume or

surface of the cortex because the total volume of synaptic boutons … is only a very small fraction

of the cortical volume” and concluded that “… a decline of synaptic number during puberty

should have a rather small effect on the overall volume of the cortex.”21

If the number of synapses per se is unlikely to change the cortical volume/thickness than what

other cellular elements could affect it? As discussed in detail elsewhere,23 age-related variations

in (cortical) grey matter observed in vivo with MRI could be related to the variations in neuropil

(60% of the mouse cortex), which consists of dendritic and axonal processes. It is also

conceivable that the apparent “loss” of grey matter reflects an age-related increase in the degree

of myelination of intra-cortical axons. The higher the number of myelinated fibres in the cortex,

the less “grey” the cortex would appear on regular T1-weighted images. Such a “partial-volume”

effect could result in an apparent loss of cortical grey-matter.
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White matter and myelination

Given the well-documented histology-based increase in the degree of myelination during the first

two decades of human life,24 it is perhaps not surprising that any changes in the volume or

“density” of white matter revealed by computational analyses of T1-weighted images are

attributed to changes in myelination. Again, assumptions based on previous knowledge are

influencing interpretation of new data. Quite often, articles reporting age-related changes in

myelination have merely measured volumes of white matter. We have shown a clear example of

dissociation between age-related changes in the volume of white matter during adolescence and

changes in magnetic transfer ratio (MTR), an indirect index of the amount of myelin in white

matter.25 Although white-matter volume increased with age during adolescence among males,

MTR values decreased, thus indicating a decrease in the amount of myelin in the unit of volume.
25 If not increases in myelin, what could be driving the observed increase in white-matter volume

during male adolescence? Our tentative answer is that this may be due to changes in axonal

caliber. The larger the caliber, the fewer axons fit in the same unit of the imaged volume,

producing a relative decrease in the myelination index.26 Although more work is needed to

confirm this initial observation, it serves as a reminder that most of the MR sequences from

which inferences are often drawn are not specific enough to interpret MR-based findings as

reflecting a single neurobiological process, such as myelination.

Brain images and causality

The use of structural and functional neuroimaging provides a powerful tool for the study of brain

maturation and cognitive development during adolescence. In addition to the need to keep in

mind the many specific challenges associated with the interpretation of structural and functional

findings discussed in the previous section, one also needs to be cautious about the general

meaning of “brain images.” In particular, we should not confuse a manifestation with a cause.

Observing a difference between children and adolescents in the size (or activation) of a

particular structure simply points to a possible neural mechanism mediating the effect of age on

a given behaviour; it is not the cause of this behaviour. For example, a stronger activation of the

ventral striatum during the performance of a reward task by adolescents, as compared with

adults, should not be interpreted as causing the adolescent’s reward-seeking behaviour; it

merely indicates possible age-related differences in the probability of engaging this structure

during this particular task. In this sense, neuroimaging-based assessment should be treated in
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the same way, and at the same level, as any other quantitative phenotype describing cognitive,

emotional, endocrine or physiological characteristics of an individual. To look for causes of a

given behaviour and its higher or lower probability during adolescence, we need to turn our

attention to the individual’s environment and his/her genes.

Role of genes and environment in shaping the brain

It is clear that both genes and experience influence many structural features of the human brain.

In a special issue on genomic imaging, published by Human Brain Mapping,27 a number of

articles reported high heritability of regional volumes of grey matter estimated from twin studies

carried out in adults, as well as in children and adolescents. At a single-gene level, several

previous reports revealed differences between (adult) individuals with different allelic variations

in brain morphology.28,29

Findings of genetic influences on brain morphology are often seen as the consequence of a direct

effect of the genes on brain structure, perhaps occurring as early as in utero. But it is also

possible, in fact quite likely, that these effects are mediated by the different level of functional

engagement of given neural circuits in individuals with different genes and experiences. Several

studies have confirmed that a repeated (functional) engagement of a particular neural circuit

leads to changes in its structural properties, which can be detected in vivo with MR (e.g., in

musicians;30,31 London taxi drivers;32 bilingual subjects;33 initially inexperienced jugglers34).

Although determining directionality of such structure-function relationships is impossible in the

majority of current studies (with the exception of the juggler study), the existing animal

experimental literature confirms the possibility of experience impacting brain structure.35

Overall, there is an increasing body of evidence that challenges a simple, deterministic view of

genes influencing the brain directly and, in turn, the individual’s behaviour. As indicated by a

number of studies on the effect of experience on brain structure, MRI-derived anatomical

measures may very well reflect a cumulative effect of the differential experience (behaviour)

rather than the other way around. This point speaks directly to the issue of biological

determinism. Quite often, we view developmental changes in brain structure as (biological)

prerequisites of a particular cognitive ability. For example, the common logic assumes that

cognitive/executive control of behaviour emerges in full only after the prefrontal reaches the

adult-like level of structural maturity. But given the role of experience in shaping the brain, it

might also be that high demands on cognitive control faced, for example, by young adolescents
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assuming adult roles due to family circumstances, may facilitate structural maturation of their

prefrontal cortex. This scenario, if proven correct, will move us away from the passive view of

brain development into one that emphasizes active role of the individual and his/her environment

in modulating the “biological” (e.g., hormonal) developmental processes.

References

1. Paus T. A primer for brain imaging: a tool for evidence-based studies of nutrition? 68 Suppl 1:S29-

37, 2010.

Nutrition Reviews 

2. Hope PL, Moorcraft J. Magnetic resonance spectroscopy.  1991 Sep;18(3):535-48.Clin Perinatol.

3. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A. Neurophysiological investigation of the basis of the fMRI
signal.  412:150-157, 2001.Nature

4. Evans AC and D. L. Collins and S. R. Mills and E. D. Brown and R. L. Kelly and T. M. Peters, "3D statistical
neuroanatomical models from 305 MRI volumes," Proc. IEEE-Nuclear Science Symposium and Medical Imaging
Conference, 1813-1817, 1993. 

5. Ashburner J, Friston KJ. Voxel-based morphometry̶  the methods. . 2000 Jun;11(6 Pt 1):805-21. Review.  Neuroimage

6. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance images. 

 2000 Sep 26;97(20):11050-5.

Proc Natl

Acad Sci U S A.

7. Toro R, Perron M, Pike B, Richer L, Veillette S, Pausova Z, Paus T. Brain size and folding of the human cerebral cortex.
2008 Oct;18(10):2352-7.Cereb Cortex. 

8. Collins DL, Neelin P, Peters TM, Evans AC. Automatic 3D intersubject registration of MR volumetric data in standardized
Talairach space. 18:192-205, 1994.J Comput Assist Tomogr. 

9. Collins DL, C. J. Holmes, T. M. Peters, and A. C. Evans. Automatic 3D model-based neuroanatomical segmentation.
, 3: 190-208, 1995.Human Brain Mapping

10. Chupin M et al. Fully Automatic Segmentation of the Hippocampus and the Amygdala from MRI Using Hybrid Prior
Knowledge.  4791: 875-882, 2007.MICCAI

11. Laule C, Vavasour IM, Kolind SH, Li DK, Traboulsee TL, Moore GR, MacKay AL. (2007)

Magnetic resonance imaging of myelin. . 4:460-84.Neurotherapeutics

12. Mädler B, Drabycz SA, Kolind SH, Whittall KP, Mackay AL. Is diffusion anisotropy an accurate monitor of myelination?
Correlation of multicomponent T(2) relaxation and diffusion tensor anisotropy in human brain. 

2008 Jun 3. [Epub ahead of print].

Magn Reson Imaging.

13. McGowan JC (1999) The physical basis of magnetization transfer imaging.  53(5 Suppl 3): S3-S7.Neurology

14. Kucharczyk W, Macdonald PM, Stanisz GJ, Henkelman RM. (1994) Relaxivity and magnetization

transfer of white matter lipids at MR imaging: importance of cerebrosides and pH. . 192:521-9.Radiology

©2011-2026 ABILIO | BRAIN 8



15. Schmierer K, Scaravilli F, Altmann DR, Barker GJ, Miller DH (2004) Magnetization Transfer Ratio and Myelin in
Postmortem Multiple Sclerosis. 56: 407-415.Brain. Ann Neurol 

16. Durston S. Interactions between brain maturation and experience in driving behavioural development. In: Tremblay RE,
Barr RG, Peters RDeV, Boivin M, eds. [online]. Montreal,

Quebec: Centre of Excellence for Early Childhood Development; 2010:1-6. Available at: http://www.child-
encyclopedia.com/documents/DurstonANGxp.pdf. Accessed on March 18, 2011.

Encyclopedia on Early Childhood Development 

17. Giedd N. Adolescent brain maturation. In: Tremblay RE, Barr RG, Peters RDeV, Boivin M, eds. 

 [online]. Montreal, Quebec: Centre of Excellence for Early Childhood Development; 2010:1-

5. Available at: http://www.child-encyclopedia.com/documents/GieddANGxp.pdf. Accessed March 18, 2011.

Encyclopedia on Early

Childhood Development

18. Purves D, White LE, Riddle DR. Is neural development Darwinian?  19:460-4, 1996.Trends Neurosci.

19. Huttenlocher PR. Synapse elimination and plasticity in developing human cerebral cortex.  88:488-

96, 1984.

Am J Ment Defic.

20. Huttenlocher PR, de Courten C. The development of synapses in striate cortex of man.  6:1-9, 1987.Hum Neurobiol.

21. Bourgeois JP, Rakic P. Changes in synaptic density in the primary visual cortex of the macaque monkey from fetal to adult
stage.  13:2801-2820, 1993.Journal of Neuroscience

22. Rakic P, Bourgeois JP, Eckenhoff MF, Zecevic N, Goldman-Rakic PS. Concurrent overproduction of synapses in diverse
regions of the primate cerebral cortex. . 232:232-5, 1986.Science

23. Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge during adolescence? 

9:947-57, 2008.

Nature Reviews

Neuroscience 

24. Yakovlev PI, Lecours AR, The myelogenetic cycles of regional maturation of the brain. In: 

, A. Minkowski, (Ed.), Blackwell Scientific, Oxford, pp. 3-70, 1967.

Regional Development of

the Brain in Early Life

25. Perrin JS, Leonard G, Perron M, Pike GB, Pitiot A, Richer L, Veillette S, Pausova Z., Paus T. Growth of White Matter in the
Adolescent Brain: Role of Testosterone and Androgen Receptor.  2008 Sep 17;28(38):9519-24.J Neurosci.

26. Paus T and Toro R. Could sex differences in white matter be explained by g ratio?  3:14,

2009.

Frontiers in Neuroanatomy

27. Glahn DC, Paus T, Thompson PM. Imaging genomics: mapping the influence of genetics on brain structure and function.
 28:461-3, 2007.Human Brain Mapping

28. Pezawas L, Verchinski BA, Mattay VS, Callicott JH, Kolachana BS, Straub RE, Egan MF, Meyer-Lindenberg A, Weinberger
DR. The brain-derived neurotrophic factor val66met polymorphism and variation in human cortical morphology. 

2004 Nov 10;24(45):10099-102.

J

Neurosci. 

29. Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE, Kolachana BS,
Egan MF, Mattay VS, Hariri AR, Weinberger DR.5-HTTLPR polymorphism impacts human cingulate-

amygdala interactions: a genetic susceptibility mechanism for depression. 2005 Jun;8(6):828-34. Nat Neurosci. 

©2011-2026 ABILIO | BRAIN 9

http://www.child-encyclopedia.com/documents/DurstonANGxp.pdf
http://www.child-encyclopedia.com/documents/DurstonANGxp.pdf
http://www.child-encyclopedia.com/documents/GieddANGxp.pdf


30. Gaser C, Schlaug G. Brain structures differ between musicians and non-musicians.  2003 Oct 8;23(27):9240-

5.

J Neurosci.

31. Sluming V, Barrick T, Howard M, Cezayirli E, Mayes A, Roberts N. Voxel-based morphometry reveals increased gray
matter density in Broca's area in male symphony orchestra musicians.  2002 Nov;17(3):1613-22. Neuroimage.

32. Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J, Frackowiak RS, Frith CD. Navigation-related structural
change in the hippocampi of taxi drivers.  2000 Apr 11;97(8):4398-403. Proc Natl Acad Sci U S A.

33. Mechelli A, Crinion JT, Noppeney U, O'Doherty J, Ashburner J, Frackowiak RS, Price CJ. Neurolinguistics: structural
plasticity in the bilingual brain. . 2004 Oct 14;431(7010):757.Nature

34. Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Neuroplasticity: changes in grey matter induced by
training. . 427:311-2, 2004.Nature

35. Sirevaag AM, Greenough WT. A multivariate statistical summary of synaptic plasticity measures in rats exposed to
complex, social and individual environments. 1988 Feb 16;441(1-2):386-92.Brain Res. 

©2011-2026 ABILIO | BRAIN 10


