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Abstract

Several reports have described cortical thickness (CTh) developmental trajectories, with 

conflicting results. Some studies have reported inverted-U shape curves with peaks of CTh in late 

childhood to adolescence, while others suggested predominant monotonic decline after age 6. In 

this study, we reviewed CTh developmental trajectories in the NIH MRI Study of Normal Brain 
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Development, and in a second step evaluated the impact of post-processing quality control (QC) 

procedures on identified trajectories. The quality-controlled sample included 384 individual 

subjects with repeated scanning (1–3 per subject, total scans n=753) from 4.9 to 22.3 years of age. 

The best-fit model (cubic, quadratic, or first-order linear) was identified at each vertex using 

mixed-effects models. The majority of brain regions showed linear monotonic decline of CTh. 

There were few areas of cubic trajectories, mostly in bilateral temporo-parietal areas and the right 

prefrontal cortex, in which CTh peaks were at, or prior to, age 8. When controlling for total brain 

volume, CTh trajectories were even more uniformly linear. The only sex difference was faster 

thinning of occipital areas in boys compared to girls. The best-fit model for whole brain mean 

thickness was a monotonic decline of 0.027 mm per year. QC procedures had a significant impact 

on identified trajectories, with a clear shift toward more complex trajectories when including all 

scans without QC (n=954). Trajectories were almost exclusively linear when using only scans that 

passed the most stringent QC (n=598). The impact of QC probably relates to decreasing the 

inclusion of scans with CTh underestimation secondary to movement artifacts, which are more 

common in younger subjects. In summary, our results suggest that CTh follows a simple linear 

decline in most cortical areas by age 5, and all areas by age 8. This study further supports the 

crucial importance of implementing post-processing QC in CTh studies of development, aging, 

and neuropsychiatric disorders.
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1. INTRODUCTION

The human brain undergoes rapid development in utero and during the first few years of life 

(http://www.bic.mni.mcgill.ca/~vfonov/obj2/obj2model2.mpg) 1. Although this process 

slows down after 4 years of age, significant remodeling of the cortex continues up to the late 

twenties/early thirties2,3. The advent of longitudinal magnetic resonance imaging (MRI) 

scanning of the developing brain has allowed for a better understanding of typical cortical 

development. Understanding cortical developmental trajectories of healthy children and 

adolescents is of crucial importance given the demonstrated impact of cortical maturation on 

intellectual capacities, behavior, and pediatric neuropsychiatric disorders2,4–11.

Initial MRI studies of brain development used cortical volume as the main morphometric 

measure. In a landmark study, Giedd et al. (1999) found that cortical volume follows an 

‘inverted U’ shape development12. Gray matter was found to increase in volume in 

childhood, but started to decline after peaks in adolescence that varied across the different 

brain areas (age 12 in fronto-parietal, 16 in temporal, 20 in occipital). In addition, average 

peaks occurred earlier in females8,12. A subsequent detailed study of 13 subjects with 

repeated scanning over 8 to 10 years revealed that higher-order association areas mature 

after lower-order somatosensory areas, and that phylogenetically newer areas mature later 

than older ones13.
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With the improvement of automated cortical surface measurement, subsequent studies have 

been able to distinguish cortical thickness (CTh) and cortical surface area (CSA) as two 

components underlying cortical volume (CV). Major studies in large cohorts have mostly 

characterized the developmental changes in CTh over time. In a study of 375 typically 

developing subjects between the ages of 3.5 and 33, Shaw et al. (2008) suggested that CTh 

of brain regions follow variable trajectories of developmental trajectories based on the 

complexity of the underlying laminar architecture3. The trajectory was cubic for most of the 

brain (initial increase, decline in teenage years, then stabilization phase), with some areas 

(e.g., insular cortex, anterior cingulate cortex) following a quadratic trajectory (initial 

increase followed by a decline in teenage years), and some areas showing first-order linear 

decline (e.g., orbito-frontal cortex, subgenual anterior cingulate cortex, medial temporal 

cortex). Peaks of CTh were attained in primary sensory-motor areas first, followed by 

secondary association areas, and finally in polymodal association areas. Peaks of CTh 

occurred earlier than what was reported in older studies (e.g., 10.5 years of age in 

dorsolateral prefrontal cortex and cingulate cortex). In a later study on 647 typically 

developing children and young adults (age 3–30), Raznahan et al. (2011) reported a 

curvilinear (‘inverted U’) growth pattern of mean CTh 14. Contrary to previous reports, CTh 

peaks were not sexually dimorphic (8.6 males, 8.4 females)14. Although CSA trajectories 

have been less extensively investigated, Raznahan and colleagues (2011) showed a similar 

curvilinear growth pattern, with later peaks than for CTh (9.7 males, 8.1 females).

In contrast, some studies have not identified ‘inverted U’ shape or cubic developmental 

trajectories of gray matter, and casted doubts on the precise age of CTh peaks. A 

longitudinal study of 45 subjects between the ages of 5 and 11 showed primarily cortical 

thinning during this age period, except in small parts of the inferior frontal and perisylvian 

areas15. Another study of preadolescents (n=126) showed only thinning between 6 and 10 

years of age, with minimal differences between males and females16. In 68 healthy 

participants from 8 to 30 years of age, Tamnes et al. (2010) reported no increase in CTh 

after age 8, and regions following quadratic trajectories showed an accelerating decline in 

adolescence as opposed to a U shaped curve17. Another sample from the Netherlands also 

showed almost exclusively linear decline in thickness and gray matter volume between 8 

and 30 years of age, with no gender differences in CTh trajectories18. A study of cortical 

thickness in twins has reported only thinning between the ages of 9 and 12, in addition to 

demonstrating a strong increasing genetic influence on mean and local thickness (65% at age 

9, 82% at age 12)19. Finally, in 137 healthy subjects between 6.3 and 29.7 years of age (total 

209 scans), Mutlu et al. (2013) did not find evidence of cubic trajectories using a Bayesian 

information criterion20. There were quadratic trajectories in the frontal and parietal 

association areas, the temporo-parietal junction, medial frontal areas, and the posterior 

cingulate/precuneus. However, the large majority of areas showed a first-order linear 

decline. In summary, although the general assumption is that CTh follows a curvilinear or 

cubic trajectory, there are inconsistencies across samples, and the age at which CTh peaks 

remains uncertain.

The NIH MRI Study of Normal Brain Development is a scientific initiative aiming to 

provide better understanding of normal brain development and brain-behavior 

relationships21. In this study, 431 subjects between 4.6 and 18 years of age were recruited 
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throughout 6 sites in the USA after a careful assessment to select only typically developing 

children. A major strength of this study was the population-based sampling method of 

recruitment with continuous monitoring to ensure socio-demographic representation of the 

American population22. In an initial cross-sectional report (only the first visit for each 

subject), total and lobar gray matter volume linearly declined over time (1.11% decline per 

year), while white matter increased over time (1.54% per year)23. The only significant sex 

difference was the previously reported 10% greater total brain volume (TBV) in males 

compared to females.

In this study, we explored the maturational trajectory of local CTh across the whole brain in 

the NIH MRI Study of Normal Brain Development. Given the preliminary cross-sectional 

finding of monotonic linear decrease of gray matter volume in this database23 and assuming 

some degree of association between volume and thickness, we expected that if higher order 

trajectories were present, CTh peaks occur prior to the lower age limit of the studied sample 

(age 5–6), which is earlier age than peaks reported in past studies that identified inverted-U 

shape trajectories (age 8.4–10.5)3,14. The impact of factoring TBV as a control variable was 

also analyzed in order to differentiate absolute morphological changes from relative 

remodeling in the cortical mantle. We decided to focus on CTh (as opposed to CSA or CV) 

because variations in this measure have been most frequently associated with cognitive and 

behavioral phenotypes in children. However, data on trajectories for CSA and CV are 

provided in an associated Data in Brief article24.

In a second step, we explored the impact of implementing various levels of quality control 

(QC) on the estimation of CTh trajectories. Given the sensitivity of CTh estimations to very 

small movement artifacts (some present but hard to notice on native MRI volumes), our 

group always systematically implements a visual quality control of extracted white and gray 

matter surfaces to eliminate subjects with probable erroneous measurements. We 

hypothesize that differences in results of cortical trajectories between research groups could 

be explained in part by different QC methods. Indeed, Reuter et al (2014) recently 

demonstrated that movement artifacts can lead to underestimation of CTh.25 By excluding 

any post-processing MRI with inadequate tissue identification, we ensure that only reliable 

data are included in statistical analyses. Although QC can decrease sample size and power, 

this is counterbalanced by a reduction in variance by minimizing the artificially inflated 

component of the variance due to movement artifacts. This issue is especially important for 

younger subjects who tend to move more during MRI data acquisition.

2. MATERIAL AND METHODS

2.1 Sampling and Recruitment

Subjects were recruited at 6 pediatric study centers across the USA with a population-based 

sampling method seeking to minimize selection biases22. There were extensive exclusion 

criteria including the presence of a current or past Axis I diagnosis established with the 

Diagnostic Interview for Children and Adolescents (with the exception of simple phobia, 

social phobia, adjustment disorder, oppositional defiant disorder, enuresis, encopresis, and 

nicotine dependence), any Child Behavior Checklist syndrome T-score ≥70, family history 

of major axis 1 disorder, family history of inherited neurological disorder or mental 
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retardation due to non-traumatic events, abnormality on neurological examination, 

gestational age at birth <37 weeks or >42 weeks, and intra-uterine exposure to substances 

known or highly suspected to alter brain structure or function. A more exhaustive list of 

inclusion/exclusion criteria is available in Evans et al. (2006) 21.

Based on available US Census 2000 data, 431 healthy children from 4 years and 6 months to 

18 years and 3 months (age at the first visit) were recruited (Objective 1) with continuous 

monitoring in order to ensure that the sample was demographically representative on the 

basis of variables that included age, gender, ethnicity, and socioeconomic status. Informed 

consent from parents and child assent were obtained for all subjects.

All subjects underwent extensive cognitive, neuropsychological and behavioral testing along 

with up to three MRI brain scans at two-year intervals. Structural MRI and clinical/

behavioral data were consolidated and analyzed within a purpose-built database at the Data 

Coordinating Center of the Montreal Neurological Institute (MNI), McGill University.

2.2 MRI protocol

Subjects underwent 30–45 minutes of data acquisition (1.5T), with whole brain coverage 

and multiple contrasts (T1W, T2W and PDW) 21. A 3D T1-weighted spoiled gradient 

recalled echo sequence was selected. The protocol provided 1 mm isotropic data from the 

entire head, except for subjects scanned on GE scanners for which slice thickness was 

increased to 1.5 mm due to the limited maximum number of slices. As the priority measure 

for Objective 1, it was acquired immediately following the localizer scan and, if significant 

motion artifacts were observed, was immediately repeated. Sagittal acquisition was chosen, 

being the most efficient way to obtain complete head coverage. For subjects who could not 

tolerate this optimal procedure, a fallback MR protocol that consisted of shorter 2D 

acquisitions was used.

Dual contrast, proton density, and T2-weighted (PDW and T2W) acquisitions provided 

additional information for automated multi-spectral tissue classification/segmentation. An 

optimized 2D multislice (2 mm) dual echo fast spin echo sequence was used. An oblique 

axial orientation (parallel to the AC – PC line) was selected. Both American College of 

Radiology and living phantoms (volunteers repeatedly scanned at each site) were regularly 

scanned at each site to confirm the inter-site reliability of anatomical measurements 21,26,27.

2.3 Automated Image Processing

All quality-controlled MR images were processed through the CIVET pipeline (version 

1.1.11) (http://wiki.bic.mni.mcgill.ca/index.php/CIVET) developed at the MNI for fully 

automated structural image analysis. The main pipeline processing steps include:

1. Linearly registering native (i.e., original) MR images to standardized MNI-

Talairach space based on the ICBM152 data set 28–30. This step is implemented in 

order to account for gross volume differences between subjects.

2. Correct for intensity non-uniformity artifacts using N3 31. These artifacts are 

introduced by the scanner and need to be removed to minimize biases in estimating 

gray matter boundaries.
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3. Classify the image into white matter, gray matter, cerebrospinal fluid and 

background using a neural net classifier (INSECT) 32.

4. Fit images with a deformable mesh model to extract 2-dimensional inner (white 

matter/gray matter interface) and outer (pial) cortical surfaces for each hemisphere 

with the 3rd edition of CLASP33. This produces high-resolution hemispheric 

surfaces with 81,924 polygons27,33–35. This step places 40,962 vertices (i.e., 

cortical points) on each hemisphere for each subject.

5. Register both cortical surfaces for each hemisphere non-linearly to a high 

resolution average surface template generated from the ICBM152 data set in order 

to establish inter-subject correspondence of the cortical points 30,35,36.

6. Apply a reverse of the linear transformation performed on the images of each 

subject to allow CTh estimations to be made at each cortical point in the native 

space of the magnetic resonance image. This avoids having estimations biased by 

the scaling factor introduced by the linear transformations (i.e. step 1) applied to 

each subject’s brain.

7. Calculate CTh at each cortical point using the tlink metric 26 and blur each subject’s 

CTh map using a 20-millimeter full width at half maximum surface-based diffusion 

smoothing kernel (a necessary step to impose a normal distribution to corticometric 

data and to increase signal-to-noise ratio) 37.

2.4 Visual Quality Control

Given the sensitivity of automated CTh measurements to small movement artefacts25, a 

visual quality control (QC) of each subject’s extracted white and gray matter surfaces was 

carried out by two independent investigators to ensure that there were no aberrations for a 

given subject (inter-rater reliability was .93) 38 that could affect CTh estimates. Absolute 

CTh measures were also reviewed as extreme values (both very thin or very thick) can 

provide cues of poor surface recognition. The investigators were blinded with regards to age, 

gender, and other clinical variables. Table 1 provides a summary of reasons for QC failure. 

This QC procedure excluded MRI scans from: (1) subjects with the 2-D fallback protocols, 

who could not remain in the scanner for an extended period of time and had to undergo 

faster MRI image acquisition, resulting in a degree of resolution too low for an adequate 

estimation of CTh, (2) subjects with motion abnormalities resulting in an image processing 

failure, (3) subjects with strong field inhomogeneity in the image that could not be 

adequately corrected. Of note, this post-processing QC is a distinct process from the simple 

elimination of poor quality native MRI scans performed prior to applying the image-

processing pipeline.

In total, 753 out of 954 MRI scans (410 females, 343 males) were kept for statistical 

analyses. This included 384 different subjects from ages 4.9 to 22.3 (age at the last follow-

up scan) (mean 12.48 ± 3.9). 101 subjects had three MRI scans, 167 had two MRI scans and 

116 had one MRI scan. Figure 1 shows the age distribution of all data points.
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2.5 Statistical Analyses

Statistical analyses on vertex-wide CTh were implemented using SurfStat (http://

www.math.mcgill.ca/keith/surfstat/), a statistical toolbox created for MATLAB (The 

MathWorks, Inc., Nathan, Massachusetts). Each subject’s absolute native-space local CTh 

was linearly regressed against age in years (age in days/365.25) at each cortical point using 

mixed-effects models (diagonal structure). Mixed-effect models permit the implementation 

of linear regressions in samples combining subjects with different number of measurements, 

providing a way in which to analyze unbalanced longitudinal data while maximizing 

statistical power 39–41. In each mixed-effects model, subject ID was entered as a random 

effect in order to account for within-individual factors. Whole brain random field theory 

(RFT) p≤0.05 corrections (peaks and clusters) for multiple comparisons were applied for all 

statistical analyses. The age variable was mean centered for all analyses. To avoid 

confounding factors coming from the multisite nature of this study, scanner number was 

added as a categorical control variable in the models. There were significant differences in 

mean age between scanners (12 in total) because recent machines were only used for follow-

up visits in which children were older. However, there was no ‘scanner by age’ interaction 

on mean cortical thickness (ANOVA F (11,741)=0.677; p=0.761). To facilitate comparison 

with other studies, terminology from the Desikan surface atlas was used to describe 

anatomical location of findings in this manuscript42.

In order to determine the best-fit model for the developmental trajectory of CTh, the most 

complex cubic model was tested first:

In a second step, a quadratic model of development was tested to evaluate vertices that did 

not show a statistically significant cubic trajectory:

In a third step, a first-order linear regression was implemented to evaluate brain areas that 

were not significant in cubic or quadratic models:

It is well known that there is significant remodeling within the developing brain with 

different changes in cortical, subcortical, white matter and gray matter 23. To account for 

these relative changes, the above-described analyses were repeated adding total brain 

volume (TBV) as a covariate in the model. Of note, there is a monotonic relationship 

between TBV and mean CTh in our sample.

To determine if sex has an impact on CTh maturation, the ‘age by sex’ interaction was 

analyzed for all areas according to the previously identified best-fit trajectory (e.g., the age2 

by sex interaction was tested in an area if the best fit model was quadratic). TBV was 
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included as a control variable in all analyses involving sex comparisons to avoid having 

differences in brain size between sexes acting as a confounding factor23.

To allow better comparison with data from other groups, scatterplots of mean CTh over time 

were produced. Statistical analyses of mean CTh were run using mixed-effects models (with 

AR(1) covariance structure) in SPSS version 19.0 (IBM Corporation, Armonk, New York), 

controlling for sex and scanner (all other vertex-wide analyses were done in SurfStat). The 

Akaike’s Information Criterion was used to determine the optimal CTh trajectory model 

(first-order linear, quadratic, or cubic) factoring the goodness of fit and tradeoff of 

increasing the complexity of the model by adding terms. Similar analyses were conducted 

divided by the four main brain lobes.

2.6 Post-hoc Analyses - Impact of Quality Control Procedures

In order to verify the possible impact of QC on developmental trajectories, we reviewed 

CTh analyses at different levels of QC: 1) no QC (n=954), 2) the standard QC used in this 

study (n=753), 3) a very stringent QC eliminating subjects with even small areas of poorer 

definition (n=598). Table 1 provides criteria for the two QC levels and Figure 2 shows 

examples of the different reasons for failure (corresponding raw images can be found in 

supplementary material Figure A1). The sample without QC included subjects that could not 

tolerate the optimal scanning protocol and who were scanned with the 2D fall-back MR 

protocol (none of which passed the standard QC). A table providing the composition of the 3 

samples can be found in the supplementary material (Table A1). Subjects who failed the QC 

were in average younger and had a higher proportion of males. The sample with no QC had 

a lower mean age and higher density of scans per subjects (i.e., more subjects with 2- or 3- 

scans) compared to the standard n=754 sample.

3. RESULTS

3.1 Cortical Thickness

As seen in figure 3, absolute CTh (i.e. results of analyses without including TBV) 

predominantly followed a first-order linear thinning trajectory. There were few areas 

showing cubic trajectories, such as the bilateral superior and inferior parietal cortex, left 

angular gyrus, left postero-lateral temporal cortex, left precentral gyrus, right dorsolateral 

prefrontal cortex (DLPFC) (superior frontal and rostral middle frontal areas), and left medial 

paracentral/superior frontal cortex. There were minimal areas demonstrating a quadratic fit 

in the periphery of cubic clusters. The remainder of the brain surface showed a progressive 

first-order linear decline over time, with only parts of the bilateral entorhinal cortices and 

medial temporal pole exhibiting no significant change over time.

As illustrated in figure 4, in the few areas where a cubic pattern was demonstrated, peaks of 

CTh were observed at, or prior to, age 8. In quadratic clusters, there was an acceleration of 

thinning over time with the peak at the beginning of the age sample (i.e., around age 5).

In terms of relative remodeling of the cortical mantle over time (i.e. when controlling for 

TBV) CTh followed an even more diffuse pattern of first-order linear decline (Figure 5). 
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Areas with cubic trajectories were more anatomically restricted compared to the analyses 

without TBV. Of note, there were no prefrontal regions showing a cubic best-fit.

3.2 Sex

Although males had thicker absolute cortices in multiple areas (figure 6 – part A), this 

difference was not significant when controlling for TBV. This means that gender does not 

have a specific effect on thickness beyond the global impact of male sex on overall brain 

size (i.e., a boy and a girl of the same age with the same brain size would have similar 

thickness on average). There were no statistically significant interactions between sex and 

local CTh in areas in which the developmental trajectory was either quadratic or cubic, 

suggesting that there are no sex differences in the age of CTh peaks within the age range of 

our sample. In areas best described by a first-order linear model, there was a significant 

gender interaction only in bilateral lateral occipital lobes (figure 6 – part B). As illustrated 

by the scatterplot in the Inline supplementary figure S1, males have faster thinning over time 

in this area.

3.3 Mean Cortical Thickness

For mean CTh across the whole brain, the first-order linear model was the most optimal 

model based on the Akaike’s information criterion (first-level AIC -1057; quadratic AIC 

-1044; cubic AIC -1035). Results were similar when looking at the Bayesian criterion. 

Figure 7 shows the scatterplot of mean thickness across development and the breakdown by 

gender. The average thinning was 0.027mm per year. Boys had 1.9% thicker mean CTh than 

girls (males 3.611mm; females 3.544mm; p<0.001), but both sexes had similar maturational 

trajectories. When controlling for TBV, thereby accounting for the average 10% volume 

difference between sexes, there was no significant difference in CTh between sexes (figure 

7). Repeated analyses separated by brain lobes (right frontal, left frontal, right parietal, left 

parietal, right temporal, left temporal, right occipital, left occipital) demonstrated that the 

first-order model was the best fit in all lobes (Inline supplementary Figure S2).

3.4 Impact of Quality Control

As illustrated in figure 8, there was a shift toward a marked increase in the amount of areas 

with more complex trajectories when analyzing the sample without any QC (n=954) 

compared to the standard QC described above (69% more quadratic and cubic vertices) 

(Figure 8a and 8b). To ensure that the difference between the quantity of areas with 

quadratic/cubic trajectories between the no QC and QC’d analyses were not solely the result 

of a loss of power, we created a sample of 753 subjects from the no QC group by 

eliminating 201 subjects that were matched in terms of age and gender to the 201 subjects 

that have failed the QC. Analyses with this sample showed 30% more areas following a 

cubic/quadratic trajectory than the complete no QC sample (Inline supplemental material 

Figure S3). This strongly supports the view that the loss of quadratic/cubic areas with the 

standard QC is not simply due to loss of sample size, but is rather due to poorer quality 

images not being included in analyses. In fact, when directly contrasting CTh in the 201 

subjects who failed the standard QC to an age and gender matched group of 201 scans that 

passed the QC, the failed scans showed statistically significant thinner cortex diffusely 

(Inline supplementary material Figure S4). Interestingly, in the subsample of subjects that 
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passed the more stringent QC (n=598), thereby including only the best quality data, there 

were almost no areas (1.4% of the total brain surface) showing quadratic or cubic 

trajectories (Figure 8c).

4. DISCUSSION

This study revisited developmental trajectories of CTh in the longitudinal sample of the NIH 

MRI Study of Normal Brain development, which is socio-demographically representative of 

the American population. A few key findings emerged. First, we found that CTh 

predominantly follows a monotonic first-order linear decline over time between the age of 

4.9 and 22.3, in line with multiple other studies15–18. There were few areas showing cubic 

trajectories. Some of these regions are in line with other studies finding later peaks in 

association areas, including bilateral posterior parietal areas, posterior temporo-parietal 

areas, and right DLPFC 3,20. However, we also found a cubic trajectory in the left motor/

premotor strip. When controlling for total brain volume, most of the cortex followed a first-

order linear decline over time, including the entire frontal lobes. Of note, within the few 

areas of cubic trajectories, all CTh peaks were at, or prior to age 8, which is an earlier peak 

than previously reported in other studies3,14. Results for CSA provided in the associated 

Data in Brief article24 showed that the great majority of the brain’s surface did not change 

over time within the age range of this sample, especially when controlling for TBV. In terms 

of CV,24 when controlling for TBV, most of the cortical mantle followed a monotonic linear 

decline reflecting the impact of CTh changes. Notable exceptions included bilateral medial 

temporal areas, temporal poles, and the ACC, which showed no change over time. For the 

ACC the absence of change represents the combination of cortical thinning with concurrent 

expansion of CSA.

In addition, the only sex difference in CTh maturation involved restricted regions of the 

lateral occipital lobe bilaterally. Faster thinning in the occipital lobe of boys was also 

reported by another group20, but the impacts of sex was much more anatomically restricted 

in our results. We did not identify any sex differences in the age of CTh peaks within this 

age range, in contrast to some8,20,43, but not all14,18 previous reports. In light of our results, 

controlling for total brain volume (or another measure of global brain size) when comparing 

genders in terms of brain-behavior relationships should be considered to avoid the 

confounding effect of the baseline 10% brain size difference between sexes.23 However, the 

decision to include or not a control for total brain volume has to be decided based on the 

specific research question, as the biological meaning of analyzing the residual impact of sex 

beyond the difference in total brain size is uncertain.

The gradual thinning of the cortex is a normative phenomenon reflecting the progressive 

maturation of brain organization. The biological underpinnings of variations in 

developmental trajectories cannot be extrapolated from correlational neuroimaging studies. 

However, data from histological studies suggest that age-related CTh trajectories are the 

result of a combination of competing changes44. For instance, while the number of brain 

synapses peaks at around 3 years of age, there is still ongoing development of dendrites in 

childhood45. Rates of synaptic formation and ongoing dendritic development (and 

associated glial support) may vary as a function of cortical region. In parallel, neocortical 
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myelination in humans is known to start in infancy and extend into young adulthood46. It is 

important to keep in mind that MRI-based estimates of CTh may also partly be influenced 

by the progressive myelination of intra-cortical fibers, which could change the MRI signal in 

lower layers of the cortex, contributing to the progressive decline in MRI-based CTh 

estimation with aging46–48. A gradual synaptic pruning of inefficient connections in 

childhood and adolescence could lead to a decrease in gray matter thickness49,50. Changes in 

neuronal size, glial cell density, and vasculature could also contribute to CTh changes51. 

Finally, a recent study suggested that cortical thinning and gyral white matter expansion in 

adolescence parallel increased sulcal widening and reduced sulcal depth, described as a 

‘flattening’ of the cerebral cortex52. In terms of the reason why quadratic and cubic curves 

peak later in some brain areas, previous studies have suggested a link between the 

complexity of laminar cortical architecture and the complexity of developmental 

trajectories3. The isocortex of associative areas was hypothesized to have a more prolonged 

development than phylogenically older areas (allocortex). The areas identified as having 

quadratic/cubic trajectories in our sample were indeed part of this isocortex, however it 

remains unexplained why these areas showed later cortical thickness peaks than other brain 

regions within the isocortex.

The cortical maturation trajectories observed in our results differ from previous reports of an 

inverted U-shape development of gray matter3,12,13. Other than differences in sample 

composition and the multi-site nature of this study, several factors could explain this 

discrepancy. First, initial studies mainly looked at cortical volume, which is different than 

the CTh metric used here. Second, automated cortical morphometric pipelines have 

improved over the years. A significant change has been the introduction of iterative 

hemisphere-specific template registration algorithms, which have improved the reliability of 

CTh measurements. Third, the Shaw et al. (2008) study included a sample with a wider age 

range (3.5 to 33). Since the sample in this study stopped at 22.3 years of age, this could have 

limited the capacity to identify a phase of stabilization in cortical thinning in the late 20s. It 

is plausible that CTh may follow a cubic pattern of development in humans, however our 

results imply that peaks of CTh have to occur at an earlier age (i.e. around 5 years of age) 

than previously reported in most brain areas.

Our results on the impact of QC on the estimations of cortical trajectories demonstrate that 

part of the discrepancy between groups could be related to methodology. Indeed, there was a 

clear shift toward increased areas with more complex trajectories (quadratic and cubic) 

when no QC was implemented. In addition, in the stringent QC sample including only the 

best quality data there were almost no areas with complex trajectories. Since this sample was 

large enough (n=595) to have the statistical power to detect the strong impact of age on CTh 

over time, we argue that this further supports the notion that CTh developmental trajectories 

follow mostly a first-order linear decline trajectory between 4.9 and 22.3 years of age.

In our sample, subjects who failed the standard QC had lower CTh than age and gender 

matched subjects who passed the QC. This is in line with a recent study demonstrating that 

movement artifacts lead to an underestimation of CTh25. Young children tend to be 

overrepresented in QC failure due to a higher tendency to move during scanning. Logically, 

if failed automated processing yields underestimations of CTh, and young subjects have 
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poorer imaging quality, this could artificially create quadratic/cubic trajectories. In light of 

these results, we argue that researchers should be careful to implement an equivalent to the 

standard degree of QC (which should be described in manuscript) in studies involving 

children and clinical populations in order to obtain valid results that are more likely to be 

replicable and translatable in clinical practice. It is crucial that the QC process includes a 

post-processing component, as the visual review of raw images is not sufficient to identify 

subtle movement artifacts. While the relatively high rate of failure observed with our QC 

can work in large dataset, it becomes more problematic in smaller data sets. One factor to 

consider is that this study included young children who tend to move more than adults 

during scanning; therefore a lower failure rate would be expected in adults. In our 

experience, the loss in power from losing subjects is compensated by minimizing artificially 

inflated variance caused by movement artifacts.

5. CONCLUSIONS

In summary, CTh follows a negative first-order linear trajectory in most of the brain 

between the ages of 4.9 and 22, with a mean decline of 0.027 mm per year. In areas of cubic 

trajectories, peaks of CTh occurred no later than at 8 years of age. The only sexually 

dimorphic finding was faster thinning in parts of the occipital lobe of boys compared to 

girls. Crucially, the application of a visual QC to ensure the reliability of data shifts 

identified trajectories from more complex models to a first-order linear one. The rate of 

cortical thinning was found to be associated with the development of neuropsychiatric 

disorders10,53 and could constitute a potential biomarker for disease states. Based on these 

results, it will be crucial in future studies to implement postprocessing pipeline output QC to 

avoid spurious findings resulting from inadequate estimations of CTh related to movement 

and other artifacts.
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Abbreviations

CSA Cortical surface area

CTh Cortical thickness

CV Cortical volume
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DLPFC Dorsolateral prefrontal cortex

MRI magnetic resonance imaging

QC Quality control

RFT Random field theory

TBV Total brain volume
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Highlights

• Cortical thickness follows mostly a monotonic linear decline after 5 years of age

• Areas with cubic developmental trajectories have peaks of cortical thickness 

prior to age 8

• The only sex difference in maturation is faster occipital thinning in males

• Mean cortical thickness follows a monotonic decline of 0.027mm per year

• Quality control processes have a significant impact on identified trajectories

• A post-processing quality control should be applied in all cortical thickness 

studies
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Figure 1. 
Age distribution of subjects including age at repeated scans. (n=384 subjects; 753 scans). 

Each dot represents a datapoint. Individual subjects are depicted by a dot (subject with one 

MRI) or a line (2 or 3 MRIs). Male subjects are in blue, female subjects in red.
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Figure 2. 
This figure depicts examples of the different reasons why scans have failed the standard 

quality control (QC) (left column) or the stringent QC (right column). An example with 

excellent surface definition is provided for comparison (bottom right). Standard QC 

Failures: Image A is an example of gross deformation of the overall three-dimensional (3D) 

shape of the brain. Part B shows a more normal global structure, but with significant parts of 

the frontal lobes truncated. Image C demonstrates large areas of capture of gray matter in the 

white matter surface, leading to impaired gyrification and underestimated cortical thickness 

(blue-purple colors).

Stringent QC Failures: Part D demonstrates the capture of some gray matter within the white 

matter surface in the pericentral areas (an area with frequent grey-white boundaries 

problems), but the great majority of the surface is adequately defined. Figure E shows a poor 

definition of white matter folds in the dorsal medial frontal areas due the capture of some 

white matter in the cortex, which leads to increased cortical thickness estimations (yellow-

red colors). Associated raw MRI images are provided in supplementary materiel (Figure A1)
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Figure 3. 
Developmental trajectories of absolute local cortical thickness (i.e., not controlled for total 

brain volume) from 4.9 to 22.3 years of age, controlling for sex and scanner (standard QC, 

n=753). Brain areas for which the best-fit model is cubic are in green, quadratic in red, and 

first-order linear in blue. Scatterplots of cortical thickness (mm) in representative brain areas 

(identified with black dot) demonstrating a significant cubic (left plot - left superior parietal 

cortex), quadratic (middle plot – left caudal middle frontal gyrus) and first-order linear (right 

plot -dorsomedial prefrontal cortex) trajectory are provided for visualization purpose.
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Figure 4. 
Scatterplots of cortical thickness in brain areas demonstrating significant quadratic and cubic 

trajectories over time. All cortical thickness peaks occurred at, or prior to, age 8.
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Figure 5. 
Developmental trajectories of local cortical thickness from 4.9 to 22.3 years of age, 

controlling for total brain volume, sex and scanner (standard QC, n=753). Brain areas for 

which the best-fit model is cubic are in green, quadratic in red, and first-order linear in blue.

Ducharme et al. Page 22

Neuroimage. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
A. Brain areas in which males show thicker absolute cortices than females controlling for 

age and scanner, but not for total brain volume. No areas were significant when controlling 

for total brain volume. B. Brains areas in which there is a significant age by sex interaction 

on cortical thickness, controlling for scanner and total brain volume. Areas in shades of red-

yellow are significant at the vertex level, and areas in shades of blue at the cluster level 

(random field theory corrected).
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Figure 7. 
Mean cortical thickness across development. The left-hand side plot represents the complete 

sample with absolute mean thickness measures on the Y-axis. The middle plot depicts 

absolute values after sex partitioning, with males in blue (group 1), and females in red 

(group 2). The right-hand side graph shows mean CTh after controlling for total brain 

volume (unstandardized residuals), with gender partitioning.
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Figure 8. 
Brain areas demonstrating either quadratic or cubic developmental trajectories at three levels 

of quality control: a) no quality control (n=954) [13,435 total vertices; 16.4% of the brain] b) 

standard quality control (used in the manuscript, n=753) [7,932 total vertices; 9.7% of the 

brain] c) stringent quality control (n=598) [1,133 vertices; 1.4% of the brain].
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Table 1

Synoptic table of the reasons for quality control failures at two levels of severity

Quality Control Level Reasons for Failure

Standard QC

Excludes all subjects with:

a. Gross deformation of the three-dimensional brain anatomy

b. Large truncated brain areas

c. Diffuse areas of problematic gray-white boundaries definition

Stringent QC

Excludes all subjects with:

a. Failure of the standard QC

b. Localized areas of imprecise cortical definition

• Inclusion of white matter within cortex

• Capture of gray matter in the white matter
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