
OR I G I NA L ART I C L E

Maturation of the Human Cerebral Cortex During
Adolescence: Myelin or Dendritic Arbor?
Y. Patel1,2, J. Shin2,3, P.A. Gowland4, Z. Pausova3,5, T. Paus2,6,7, and the
IMAGEN consortium
1Institute of Medical Sciences, University of Toronto, Toronto, Ontario, Canada M5S 1A8, 2Bloorview Research
Institute, Holland Bloorview Kids Rehabilitation Hospital, Toronto, Ontario, Canada M4G 1R8, 3The Hospital for
Sick Children, University of Toronto, Toronto, Ontario, Canada M5G 1X8, 4Sir Peter Mansfield Imaging Centre,
School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2QX, UK, 5Department of
Physiology and Nutritional Sciences, University of Toronto, Toronto, Canada M5S 3E2, 6Department of
Psychiatry, University of Toronto, Toronto, Ontario, Canada M5T 1R8 and 7Department of Psychology,
University of Toronto, Toronto, Ontario, Canada M5S 3G3

Address correspondence to T. Paus. Email: tpaus@research.baycrest.org

Abstract
Previous in vivo studies revealed robust age-related variations in structural properties of the human cerebral cortex during
adolescence. Neurobiology underlying these maturational phenomena is largely unknown. Here we employ a virtual-
histology approach to gain insights into processes associated with inter-regional variations in cortical microstructure and its
maturation, as indexed by magnetization transfer ratio (MTR). Inter-regional variations in MTR correlate with inter-regional
variations in expression of genes specific to pyramidal cells (CA1) and ependymal cells; enrichment analyses indicate
involvement of these genes in dendritic growth. On the other hand, inter-regional variations in the change of MTR during
adolescence correlate with inter-regional profiles of oligodendrocyte-specific gene expression. Complemented by a
quantitative hypothetical model of the contribution of surfaces associated with dendritic arbor (1631m2) and myelin (48m2),
these findings suggest that MTR signals are driven mainly by macromolecules associated with dendritic arbor while
maturational changes in the MTR signal are associated with myelination.
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Introduction
Adolescence is a period of pronounced changes in physical,
psychological, and social processes. A complex interplay
between physiological (e.g., sex hormones) and experiential
(e.g., peers, education) factors continues to shape the human
brain during this developmental stage. Previous studies carried
out with magnetic resonance imaging (MRI) in typically devel-
oping children and adolescents revealed robust age-related var-
iations in various structural properties, such as changes in
cortical thickness (Tamnes et al. 2017) and microstructure of

white matter (Lebel and Beaulieu 2011). For the most part, how-
ever, neurobiology underlying these maturational changes in
MRI-derived measures is unknown (Lerch et al. 2017). A handful
of post mortem studies of the human cerebral cortex described
age-related changes in the number of synaptic spines (Rakic et
al. 1994; Huttenlocher and De Courten 1987; Petanjek et al.
2011) and the degree of myelination throughout the first 3 dec-
ades of life, including adolescence (Miller et al. 2012); in these
studies, however, microscopic findings were not related to
macroscopic measures such as cortical thickness. To provide a
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bridge between MRI-derived metrics and the cellular composi-
tion of the human brain, we have developed a virtual-histology
approach that relates inter-regional variations in MRI-derived
metrics (e.g., cortical thinning) and variations in the expression
of genes marking specific cell-types (e.g., pyramidal cells, oligo-
dendrocytes) across the same cortical regions (Shin et al. 2017).
The latter are derived from the Allen Human Brain Atlas
(Hawrylycz et al. 2012), and verified for representativeness
through a 2-step procedure (French and Paus 2015). Here we
use this approach to ask whether inter-regional variations in
magnetic transfer ratio (MTR), commonly assumed to index
myelination (Schmierer et al. 2004), do indeed relate to
myelination-related cell type (i.e., oligodendrocytes) or—alter-
natively—to other biological processes and cells.

Protons (hydrogen nuclei) can be classified into 2 distinct
categories in biological settings—bound or free protons.
Protons found in free water, such as intra/extracellular water,
have relatively unrestricted movement and as such are termed
the free pool of protons. Protons associated with macromole-
cules and cellular membranes (termed the bound pool of pro-
tons) are invisible in traditional MRI due to their short T2

relaxation times (De Boer 1995; Henkelman et al. 2001; Tofts
2003). The presence of these macromolecules can be detected
using a selective radiofrequency pulse that allows one to assess
magnetization transfer (MT): the exchange of spin saturation
between the bound pool of protons and the “free” pool of pro-
tons (associated with intra/extracellular water). The physical
and chemical processes behind MT in a biological context are

depicted in Figure 1. Predominantly, the exchange of spin satu-
ration occurs through cross-relaxation (or exchange of spins)
between a bound and free proton, and by chemical exchange of
the proton. The exchange of energy is dependent on a variety of
factors such as the amount of bound protons, macromolecular
composition, and macromolecular surface chemistry (Grossman
et al. 1994). Although a comprehensive biological basis of MT
has yet to be investigated, we use the surface area of the inter-
faces between the bound (macromolecules) and free (water)
pools (Fig. 1) as an indicator of efficient exchange of energy
(Belton et al. 1988; Grossman et al. 1994; Koenig 1996; Luo 2009).
A simple ratio (termed MT ratio—MTR) of the amount of signal
loss due to spin exchange from the bound pool of protons can be
calculated with a brain scan with (MTON) and without (MTOFF) an
MT saturation pulse by the following equation; MTR = (MTOFF –

MTON)/MTOFF (Henkelman et al. 2001).
In biological systems, MTR is an indirect measure of macro-

molecular density, and it is sensitive to microstructural proper-
ties of tissues (Seiler et al. 2014). In white matter, MTR
correlates with myelin content, as well as other structural
properties (Filippi et al. 1998; Schmierer et al. 2004). It is
assumed that myelin dominates MTR signals also in cortical
(Mangeat et al. 2015; Whitaker et al. 2016) and subcortical (Fjær
et al. 2013) gray-matter. Nonetheless, other macromolecules
may represent less-appreciated sources of MT signal (Edzes
and Samulski 1977; Henkelman et al. 1993).

Here we examine inter-regional variations in MTR values in
the human cerebral cortex during adolescence, and use the

Figure 1. Processes behind magnetization transfer (MT) in a biological system (neurons). (a) Image of a cortical neuron (Cuntz et al. 2010) on the left; it has a dispropor-

tional amount of surface area associated with myelin sheaths (orange; 48m2) and dendrite (blue; 1631m2). (b) Microenvironment surrounding a dendritic spine

exposed to the extracellular water. The bound pool of protons consists of hydrogen nuclei bound to semi-solid macromolecular structures whose molecular motion is

low enough to facilitate MT, such as large macromolecules and cellular membranes (De Boer 1995; Henkelman et al. 2001; Tofts 2003). The free pool of protons con-

sists of the hydrogen nuclei bound to unrestricted water molecules, such as intracellular/extracellular water (H2O molecules above). Magnetization transfer occurs

primarily through intermolecular dipole–dipole cross relaxation where there is exchange of spins between free and bound protons, and the chemical exchange of

hydrogen nuclei (De Boer 1995; Henkelman et al. 2001; Tofts 2003). Numbers in brackets are the corresponding surface area as a result of dendrite shafts, and dendritic

spines. (c) Microenvironment of an intracortical myelin sheath exposed to extracellular water. Number in brackets represents the estimated surface area of myelin

exposed to the extracellular surface (not accounting of inner layers of myelin). See Results and Table 2 for derivation of estimated surface area of cellular compart-

ments. Adapted from De Boer (1995).
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above-described virtual-histology approach to identify their
neurobiological substrate. We do so in a sample of typically
developing adolescents, scanned twice, at 14 and 19 years of
age. To facilitate interpretation of MTR signals in cerebral cor-
tex, we also built a hypothetical model that quantifies the rela-
tive contribution of dendritic arbor and myelin, respectively, to
the total surface area at the interface of the bound and free
pools of protons.

Methods
Participants

A total of 281 healthy adolescents (mean age = 14.4 years, SD =
0.28 years; 148 males, 133 females) from the Nottingham cohort
of the IMAGEN project were analyzed for Visit 1 of this study.
Only participants from the Nottingham site were used as it was
the only site to acquire MT-MRI scans. A total of 184 adolescents
(mean age = 19.0 years, SD = 0.66 years; 94 males, 90 females)
were included for Visit 2 analysis. For the longitudinal compo-
nent, there were 150 adolescents (77 males, 73 females) who had
both Visits 1 and 2 scans passing quality control. Participants
with prior medical conditions such as mental-health disorders,
tumors, or neurological disorders, were excluded. Further detail
on recruitment, ethics, and standard operating procedures for
the IMAGEN project (Schumann et al. 2010) are available at
https://imagen-europe.com/standard-operating-procedures/.

MRI Acquisition

High-resolution structural MRI scans were acquired in both
Visits using the same 3 T Philips Medical Systems scanner
(Achieva). T1-weighted scans were acquired using a 3D gradient
echo sequence (MPRAGE) adopted from the ADNI protocol (rep-
etition time = 6.90ms; echo time = 2.79ms; flip angle = 9°;
256 × 256 × 137 matrix, 1.1 × 1.1 × 1.1mm3 voxel size). MT imag-
ing was also acquired using the same 3 T scanner (FFE scan
with MT saturation at +1 kHz, repetition time = 4.40ms; echo
time = 2.12ms; flip angle 18°; 256 × 256 × 50 matrix, 0.875 ×
0.875 × 3mm3 voxel size).

Image Processing Pipeline

T1-weighted scans were analyzed through the FreeSurfer
(v6.0.0) (Dale et al. 1999) cortical reconstruction pipeline. MTR
scans were calculated using “mincmath,” and registered to T1-
weighted scans using a 6 parameter boundary-based registra-
tion tool (bbregister) (Greve and Fischl 2009). At each cortical
vertex, MTR values were extracted from the mid-point between
pial surface and the gray-white matter boundary (i.e., at 50%
distance between the cortical surface and the gray-white mat-
ter boundary). These values were averaged for all “mid-points”
constituting each of the 34 regions of the Desikan-Killiany atlas
(Desikan et al. 2006). Quality control was performed visually for
image quality, cortical reconstruction, and image registration
using the “ciftify” toolkit for QC page creation (found at https://
github.com/edickie/ciftify) (Glasser et al. 2013).

Cell-Specific Gene Expression Analysis

To relate cell-specific gene expression profiles with MRI metrics
(such as MTR), we use a previously described method that is
visually represented in Supplementary Figure S1 (Shin et al.
2017). In brief, average gene-expression data from 6 donors
(ages 24, 31, 39, 55, and 57 years) from the Allen Human Brain

Atlas were mapped onto the 34 regions of the Desikan-Killiany
atlas (French and Paus 2015). As implemented previously (Shin
et al. 2017; Wong et al. 2017), the 20 737 genes whose expres-
sion levels were measured underwent a 2-stage filter for quality
and consistency of data. In Stage 1, only genes with donor-to-
median correlation in their inter-regional (34 regions) profiles
greater than 0.446 were retained (8216/20 737 genes). In Stage 2,
only genes with Allan-to-BrainSpan correlation in their inter-
regional (11 regions) profiles greater than r = 0.52 were retained
(2511/8216). The BrainSpan atlas (www.brainspan.org) provides
an independent source of gene expression data in the human
brain. Here, we used BrainSpan data from 9 donors: 5 males
(ages 15, 18, 23, 36, and 37 years) and 4 females (ages 13, 21, 30,
and 40 years). This 2-stage filter ensures that gene expression
profiles are consistent across the 34 regions of the cerebral cor-
tex across wider age range that includes adolescence and youth
(13–23 years). Therefore, this set of 2511 genes is judged to be
representative and, as such, suitable for the analyses reported
here. Next, these genes were categorized according to data pro-
vided by Zeisel et al. (2015) as being specific to 1 of the 9 cell
types present in the cortex, using single-cell RNA in mouse
somatosensory (S1) cortex and the CA1 region of mouse hippo-
campus (Zeisel et al. 2015). Finally, a resampling based approach
was used to test the association between inter-regional profiles
of cell-specific gene expression and inter-regional profiles of
MTR. The distribution of correlation coefficients for each cell-
specific gene-expression profile and MTR profile is tested for sig-
nificance with an empirical null distribution of correlation coeffi-
cients between random genes and MTR profile (repeated 10 000
times). The proportion of average correlation coefficients in the
observed cell-specific distribution that exceed the null distribu-
tion correlation coefficients is then used to calculate a 2-sided
false discovery fate adjusted P-value.

Sex Differences in Cell-Specific Gene Expression
Analysis

To test whether the distributions of correlation coefficients (r)
between ΔMTR-mRNA profiles for the S1 pyramidal genes differ
between males and females, we carried out a 2-sided permuta-
tion test by randomly permuting the gender to get an empirical
null distribution of the difference in average correlation coeffi-
cients of the male and female ΔMTR-profiles with the S1 pyra-
midal gene (with 1000 replications).

Statistical models

To analyze the effect of age on average cortical MTR and CT
between Visits 1 and 2, we used a linear mixed-model analysis (n
= 465) performed in JMP 13 statistical analysis software
(Supplementary Fig. S4a,b). The mixed model used a restricted
maximum likelihood approach, with age, sex, and age by sex
interaction being fixed effects, while participant ID used as a ran-
dom effect in order to account for the within-individual correla-
tion of MTR measurements. A simple linear regression was used
to test for significance (2-tailed P-values) between MTR and CT
(between individuals and inter-regionally in each sex separately;
Supplementary Fig. S5). Figures generated using JMP 13 software.

Gene Ontology Enrichment Analysis

A hypergeometric test was used to test enrichment of Gene
Ontology (GO) groups with genes specific to CA1 pyramidal,
ependymal, oligodendrocyte, and S1 pyramidal cells (each
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tested separately, for a total of 4 analyses). The background
gene-set included all 20 737 genes from the Allen Human Brain
Atlas, and the foreground gene-set consisted of cell-specific
genes. The analyses included all 3 domains (biological pro-
cesses, cellular compartments, and molecular function) of GO
groups containing between 10 and 100 genes. These GO groups
were obtained using the GO.db and org.Hs.e.g.,db packages in R
(Carlson 2016a, 2016b). The tests were carried out, using the
“tmod” R package (Weiner and Domaszewska 2016). The P-val-
ues were corrected for multiple testing, using FDR-correction.

Data Availability

MTR and ΔMTR/year profiles for males and females across the
34 Desikan-Killiany regions are found at: https://figshare.com/
s/84acf5a585c19127aae5 (used to generate Fig. 2a,b).

To recreate cell-specific gene expression (“virtual histology”)
analysis: https://figshare.com/articles/Cell-specific_gene-express
ion_profiles_and_cortical_thickness_in_the_human_brain/4752955/
2 (used to generate Figs 3 and 4).

Results
Inter-regional Variation in Absolute MTR

High-resolution structural MRI (including MTR) was acquired in
281 adolescents (mean age of 14.4 years, Standard Deviation
[SD] of 0.28 years; 55% males) at Visit 1 and 184 adolescents
(mean age of 19.0 years, SD 0.66 years; 51% males) at Visit 2.
Values of MTR were extracted from the cerebral cortex
(mid-point between pial surface and gray-white boundary) via
T1-weighted scans processed by the FreeSurfer (v6.0.0) cortical-
parcellation pipeline (Dale et al. 1999). In order to assess the

Figure 2. (a) Inter-regional variation in average magnetization transfer ratio (MTR) for males (top) and females (bottom) at Visit 1, across the 34 regions of the

Desikan-Killiany atlas. (b) Inter-regional variation in average ΔMTR/year profiles for males (top) and females (bottom), across the 34 regions of the Desikan-Killiany

atlas. Regions are arranged from anterior to posterior location (based on the center-of-gravity of each parcel). Dashed gray lines represent 95% bootstrapped confi-

dence intervals.
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contribution of 9 cell types (Zeisel et al. 2015) (Fig. 2) to the
inter-regional variations in absolute MTR values, we related
inter-regional variations in cell-specific gene expression to
inter-regional variations in MTR (Shin et al. 2017). MTR values

were extracted from each of the 34 regions parcellated by
FreeSurfer using the Desikan-Killiany atlas for each adolescent
separately at Visits 1 and 2 (Fig. 2a and Supplementary Fig. S2).
Inter-regional profiles of MTR at Visits 1 and 2 (group averages

Figure 3. Distribution of correlation coefficients obtained by correlating (across the 34 regions) inter-regional profiles of expression of genes specific to 9 cell-types

with inter-regional profiles of average MTR at Visit 1 in males (a) and females (b). Vertical dashed lines represents average expression-MTR correlation coefficient

(quantified in Table 1). Gray box represents 0.5% and 97.5% of critical values obtained from the empirical null distribution of the average expression-MTR correlation

coefficients. Red * indicates FDR-corrected P-value<0.05.
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for male and female adolescents, respectively) show associa-
tions with inter-regional profiles of expression of genes specific
to CA1 pyramidal cells and ependymal cells (Fig. 3 and

Supplementary Fig. S3). Table 1 shows the correlation coeffi-
cient between MTR and gene-expression profiles averaged over
a given set of cell-specific genes, along with the associated false

Figure 4. Distribution of correlation coefficients obtained by correlating (across the 34 regions) inter-regional profiles of expression of genes specific to 9 cell-types

with inter-regional profiles of ΔMTR/year profile in males (a) and females (b). Vertical dashed-lines represents average expression-ΔMTR/year correlation coefficient

(quantified in Table 1). Gray box represents 0.5% and 97.5% of critical values obtained from the empirical null distribution of the average expression-ΔMTR/year corre-

lation coefficients. Red * indicates FDR-corrected P-value< 0.05.
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discovery rate (FDR) adjusted P-values for each cell type at Visit
1 and 2. None of the other cell types were associated with the
inter-regional MTR profiles in these analyses. To determine bio-
logical processes related to the cell-specific genes, we perform
a GO analysis to assess enrichment of GO groups. CA1 pyrami-
dal and ependymal cell-specific genes were enriched signifi-
cantly for biological processes related to dendritic branching
and cilia, respectively (Supplementary Table S1). The top 2 GO
terms for CA1 pyramidal gene-set were “positive regulation of
dendrite extension and regulation of dendrite extension” and,
for ependymal specific gene-set, “cilium movement and epithe-
lial cilium movement.”

Inter-regional Variation in ΔMTR/Year

Using the longitudinal subset of data (n = 150, 51% males), we
calculated the change (per year) in MTR in each of the 34
regions of the cerebral cortex (Fig. 2b). Inter-regional profiles in
ΔMTR/year show associations with gene-expression profiles
specific to oligodendrocytes and S1 pyramidal cells, the latter
in males only (Fig. 4 and Table 1). Using a 2-sided permutation
test, we cannot reject the null hypothesis (P = 0.23) regarding
sex differences between males and females in the distribution
of correlation coefficients (r) between ΔMTR/year profile and S1
pyramidal specific gene set. GO analysis of oligodendrocyte and
S1 pyramidal specific genes identify myelination and potas-
sium channel activity, respectively, as important biological pro-
cesses in these cell-type specific gene sets (Supplementary
Table S2). Although oligodendrocyte specific genes were not
enriched significantly in this GO analysis, the top 2 GO terms
were “paranode/juxtaparanode region of axon.” S1 pyramidal

specific genes were enriched significantly for “voltage-gated
potassium channel activity/complex.”

Hypothetical Model of Membranes: Dendritic Arbor
Versus Myelin

The exchange of energy in MT phenomena is related to the sur-
face area of the interfaces between the bound (macromole-
cules) and free (water) pools (Belton et al. 1988; Grossman et al.
1994; Koenig 1996; Luo 2009). To complement findings from vir-
tual histology, we attempt to model the amount of surface area
contributed by dendritic arbor or myelin within the cortex
(Table 2). This hypothetical model is based on existing histolog-
ical literature on the morphology of human neocortical neu-
rons. Although this model cannot account for the areal and
laminar heterogeneity in cellular morphology (due to limited
availability of data), we have utilized the most accurate
morphological numbers obtained with state-of-the-art method-
ologies such as intracellular dye staining, and 3D neuron
reconstruction.

The human cerebral cortex contains roughly 21.05 billion
neurons, as quantified in a sample of 94 brains ranging from 18
to 93 years of age (Pakkenberg and Gundersen 1997). This num-
ber compares well with the more recent estimate of 16.3 billion
neurons obtained in a smaller sample (n = 4) (Azevedo et al.
2009). It has been estimated that 75% of these neurons are
excitatory pyramidal neurons, and 25% inhibitory interneurons
(DeFelipe and Fariñas 1992; Markram et al. 2004). Total den-
dritic length of pyramidal neurons (reconstructed in 3D space)
across different layers of the temporal cortex vary from 14 679

Table 1 Average correlation coefficients between inter-regional profiles of cell-specific gene expression and inter-regional profiles of MTR

Cell (number of cell-specific
genes)

Average r (FDR-corrected P-value)

MTR profiles ΔMTR/year profiles

Male Female Male Female

Visit 1 Visit 2 Visit 1 Visit 2

Astrocyte (54) 0.082 (0.06) 0.067 (0.07) 0.079 (0.05) 0.070 (0.06) −0.035 (0.75) 0.08 (0.32)
CA1 pyramidal (103) 0.143 (0.00089)* 0.131 (0.00089)* 0.134 (0.00089)* 0.119 (0.00089)* 0.024 (0.75) 0.034 (0.99)
Endothelial (57) −0.053 (0.18) −0.046 (0.26) −0.048 (0.22) −0.022 (0.56) −0.007 (0.86) 0.065 (0.59)
Ependymal (84) 0.083 (0.01035)* 0.072 (0.01259)* 0.079 (0.01395)* 0.078 (0.00539)* −0.017 (0.75) 0.05 (0.69)
Interneuron (100) 0.026 (0.41) 0.027 (0.33) 0.024 (0.42) 0.024 (0.53) 0.027 (0.75) 0.014 (0.98)
Microglia (48) −0.003 (0.94) 0.00 (0.99) −0.012 (0.73) −0.002 (0.96) −0.016 (0.75) 0.059 (0.58)
Mural (25) 0.026 (0.69) 0.030 (0.55) 0.025 (0.69) 0.039 (0.52) 0.02 (0.75) 0.062 (0.58)
Oligodendrocyte (60) −0.073 (0.06) −0.032 (0.34) −0.066 (0.09) −0.014 (0.71) 0.095 (0.00045)* 0.127 (0.00269)*
S1 pyramidal (73) −0.064 (0.06) −0.033 (0.34) −0.057 (0.09) −0.034 (0.46) 0.093 (0.00045)* 0.027 (0.99)

Average correlation coefficients obtained by correlating (across the 34 regions) inter-regional profiles of expression of genes specific to 9 cell-types with inter-regional

profiles of average MTR at Visits 1 and 2, and with inter-regional profiles of ΔMTR/year in both sexes. False-discovery rate (FDR) corrected P-values are in brackets.

*FDR-adjusted P-value< 0.05.

Table 2 Total surface area as a result of different neuronal cellular compartments in the average neocortex

Cellular compartment Total length (m) Average diameter (μm) Surface area (m2)

Dendrite shafts 211 427 054 ~1 651
Dendritic spines 342 900 000 ~0.25 980
Myelinated axon 20 049 000 ~0.76 48
Dendrites total 1 631

Estimates of total length, average diameter, and surface area associated with dendrite shafts/spines, and myelinated axon derived from theoretical model of mem-

branes in the average cerebral cortex. See Supplementary Calculations for further details.
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μm in layer II/ layer III to 9193 μm in layer V/ layer VI (Mohan
et al. 2015). A weighted average was used to account for the
diverse distribution of neurons within each layer of the cortex
quantified via a cortical minicolumn (DeFelipe 2011). We esti-
mate that in the average human cerebral cortex, dendrite
shafts contribute to 651m2 of interface surface area, with a
total length of 211 427 054m (Supplementary Calculations).

Dendrites have spiny processes protruding from the shaft,
thus increasing receptive area and facilitating cell-to-cell com-
munication via synapses (DeFelipe and Fariñas 1992). These
dendritic spines are highly variable in size, morphology and
density across cortical regions and layers (DeFelipe and Fariñas
1992). Spine density varies from 1 to 3 spines per μm of dendrite
shaft across cerebral lobes (occipital to frontal, respectively)
(Elston et al. 2001). We used a cylinder to model the spine shaft
with a length of 1.35 μm and diameter of 0.25 μm; we modeled
the spine head as a compartment with a surface area of
2.80 μm2 (Benavides-Piccione et al. 2002; Eyal et al. 2016). From
our estimates, there are roughly 254 billion spines contributing
to 980m2 of membrane area in the human cerebral cortex; this
is based on a conservative estimate of 1.5 spine per 1 μm of
dendrite, and assuming that 1 out of 5 neurons lack spines
(Supplementary Calculations) (DeFelipe and Fariñas 1992;
Benavides-Piccione et al. 2012). Altogether, we estimate that
dendrites (shafts) and their spines represent a total surface
area of 1 631m2 in the average human cerebral cortex (Table 2).

To quantify myelin-related surface area in the human cere-
bral cortex, we focused exclusively on the exterior surface of
myelin sheaths—where there is greatest opportunity for cross
relaxation and subsequent diffusion of saturated protons
(Fig. 1). In a limited number of human brains, myelination has
been quantified using stereological methods across a number
of cortical regions including frontopolar, visual, somatosensory,
and motor cortices (Miller et al. 2012). On average, there is
0.041 μm of myelinated fiber in 1 μm3 of volume in the cortex,
as quantified in 3 individuals (ages 16, 20, and 23 years) (Miller
et al. 2012). Myelinated fibers found in the cerebral cortex vary
greatly in diameter (from 0.16 to 9 μm), with a majority of fibers
averaging below 1 μm in their diameter (Liewald et al. 2014).
The exterior surface area of myelin (in contact with extracellu-
lar water) is roughly 48m2, using a total length of 20 049 000m
of myelinated axons, and an average fiber diameter of 0.76 μm
(Innocenti et al. 2013) (Table 2 and Supplementary Calculations).
For completeness, we also calculate the total axonal length
(myelinated and unmyelinated together; 336 800 000m) and their
total surface area (317m2) in the human cerebral cortex.

Inter-regional Versus Global MTR

To allow comparison with a previously reported cross-sectional
study (Whitaker et al. 2016), we tested the effect of age on aver-
age global (across the entire left cerebral cortex) MTR
(Supplementary Fig. S4a). Using a linear mixed model with ran-
dom effects analysis, we report an increase in average global
MTR with age (P < 0.0001), and decreases in global CT (left
hemisphere) with age (P < 0.0001) (Supplementary Fig. S4a,b).
At Visit 1, global CT correlated negatively with global MTR in
males only (P = 0.0008; Supplementary Fig. S5a); no such corre-
lations were observed at Visit 2 in either sex group. Regional
MTR did not correlate with regional CT in Visit 1 or 2 in both
sexes (Supplementary Fig. S5b). Finally, we did not observe any
correlations between global ΔMTR/year and global ΔCT/year
in both sexes (Supplementary Fig. S5c). We did observe a

negative correlation (P = 0.02) between regional ΔMTR/year and
regional ΔCT/year in males only (but sex difference between
correlations was not significant, P = 0.06) (Supplementary
Fig. S5d).

Discussion
Here we report clear differences in the biological processes
associated with inter-regional variations in absolute values of
MTR (at one time point) versus inter-regional variations in
ΔMTR/year. We also provide confirmation of age-related
increase in average MTR (Whitaker et al. 2016) in the cerebral
cortex during human adolescence using longitudinal data
(Supplementary Fig. S4a).

Absolute Values of MTR and Dendritic Arbor

Across the cerebral cortex (34 regions), absolute values of MTR
correlate with gene-expression profiles specific to CA1 pyrami-
dal cells and ependymal cells (both sexes, both visits). This is
not the case for oligodendrocyte-specific gene expression, sug-
gesting that absolute values of MTR are not sensitive to intra-
cortical myelination. GO groups related to dendrites and
dendritic branching are enriched significantly in the CA1 pyra-
midal gene-set (Supplementary Table S1). Dendrites (and their
spines) contribute up to 90–95% of the total surface area of a
cortical neuron (Ulfhake and Kellerth 1981). Variations in den-
dritic branching may drive variations in absolute MTR values as
higher surface-area of cellular membranes relates to greater
energy transfer between the 2 pools of protons (Koenig 1996;
Luo 2009). Additionally, lipids bilayers are effective macromo-
lecular structures for MT between the bound and free pool of
protons (De Boer 1995). Using our quantitative hypothetical
model of neuronal membranes, compared with myelin—den-
drites (and their spines) contribute 34-fold (1631m2/48m2)
more surface area exposed to the extracellular water, further
indicating that MTR at a single time-point is more sensitive to
cellular membranes associated with dendrites rather than
myelin.

Ependymal cell-specific genes were also correlated with
inter-regional profiles of absolute MTR. The ependymal gene
set (n = 84 genes) was enriched significantly for the biological
processes pertaining to axoneme assembly and cilium move-
ment, as well as for the cellular compartments pertaining to
axoneme and ciliary plasm. These genes appear to be associ-
ated not only with motile cilia, found on the surface of ependy-
mal cells, but also with the primary nonmotile cilia found on
every cortical neuron (Lee and Gleeson 2010); the 2 types of cilia
may share up to 75% common proteins (Ishikawa et al. 2012).
The GO term “axoneme” (GO:0005930) refers to the inner
microtubule-based cytoskeletal core found in cellular “appen-
dages” such as cilia (including the core of primary cilia) (Pazour
and Witman 2003). Given this, it is likely that the correlation
between the inter-regional variation of ependymal-specific genes
and inter-regional MTR profiles is related to primary cilia found
in every neuron, rather than ciliary movement or ependymal
cells specifically. A primary cilium is a single microtubule-based
appendage that extends from the surface of a cell. Primary cilia
serve as a cellular “antenna,” and are involved in several neuro-
nal processes such as cell-polarity axonal guidance (Lee and
Gleeson 2010). Disruption of ciliary function in cortical neurons is
followed with abnormal neuronal morphology and impaired den-
drite outgrowth (Guadiana et al. 2013). Restoration of cilia func-
tion recovers normal dendrite outgrowth, suggesting an
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important role of primary cilia in maintaining dendritic branch-
ing (Guadiana et al. 2013). We speculate that the ependymal-
specific correlation with inter-regional variation in absolute MTR
is related to primary cilia-related genes, and consequently, den-
dritic arborization.

ΔMTR/Year and Myelination

The association between inter-regional profiles of ΔMTR/year
and oligodendrocyte-specific gene expression supports a
myelin-based interpretation of this developmental process.
Oligodendrocyte-specific gene set was not enriched significantly
(after FDR-corrections) with myelin-related cellular compartments.
Nonetheless, the top 2 GO terms (paranode/juxtanode region of
axon) are cellular compartments enclosed in layers of myelin
(Trapp and Kidd 2004). Additionally, phosphatidylinositol-related
molecular factors were also among the top 10 GO terms
(Supplementary Table S2). Alongside the diverse roles of phos-
phatidylinositol bisphosphate as a secondary messenger, it is
also required for stable membrane binding of myelin basic pro-
tein, and consequently involved in myelin maintenance (Nawaz
et al. 2009). Although this GO analysis was not significant, oligo-
dendrocytes have a unique function (i.e., myelination/myelin
maintenance) compared with other glia cells (Gibson et al. 2014).
Therefore, we interpret oligodendrocyte-specific signal as related
to intracortical myelination. Post mortem histological studies
support the observation of continued myelination during adoles-
cence, well into the third decade of life (Benes et al. 1994; Miller
et al. 2012). We speculate that, in the analyses of absolute MTR
values, this oligodendrocyte-related (myelin) signal is masked by
other sources of macromolecular/bound protons, namely exten-
sive membrane surfaces of the dendritic arbor. The signal is
revealed only after “subtracting” these dominant (dendrite-
related) signals through longitudinal analysis (i.e., ΔMTR).

In males, we observed an association between ΔMTR profile
and S1 pyramidal specific expression. As this gene set is
enriched for neural-activity related mechanisms, we suggest
that it is consistent with neural activity-dependent oligoden-
drocyte activation (Jensen and Yong 2016). Oligo-activity and
myelination are stimulated by neural activity (Jensen and Yong
2016), and—in this manner—may influence the observed
increase in MTR during cortical maturation. Stimulation of the
mouse M2 motor cortex increased number of progenitor/mature
oligodendrocytes and increased myelin thickness (Gibson et al.
2014). Experience-dependent myelination, thought to be a result
of experience-related neural activity, has also been observed;
dark-reared mice have reduced number of myelinated axons in
the optic nerve compared with control (Gyllensten and
Malmfors 1963). Taken together, it is possible that experience-
driven activity-dependent myelination during human adoles-
cence may explain the inter-regional variation in change in MTR
per year.

Hypothetical Model of Membranes

Our model of membranes attempts to quantify the relative con-
tributions of dendrites and myelin to MT signals. It is important
to state that the cerebral cortex is highly heterogeneous in
nature in terms of spine density (Elston et al. 2001), neuronal
morphology (DeFelipe and Fariñas 1992), and degree of myeli-
nation (Miller et al. 2012). At the same time, we are limited by
the availability of data from different cortical regions, and as
such this model serves only as the first approximation with
regards to which cellular compartments dominate within the

human cerebral cortex. This model also does not take into
account the effect of age on dendritic spines and neuronal mor-
phology. It is known that dendritic-spine density diminishes
gradually between 9 and 22 years of age (Petanjek et al. 2011).
Furthermore, certain morphological measures of dendritic
length (Bianchi et al. 2012), and dendritic-spine density
(Petanjek et al. 2011; Bianchi et al. 2013) were not included due
to methodological considerations. For example, the use of rapid
Golgi stain “for spine number and dendritic length are likely to
be an underestimation of the actual biological values” as a
result of constraints in traditional light microscopy (Bianchi
et al. 2013; Sala and Segal 2014). For this reason, we used data
from 3D spine reconstruction (Benavides-Piccione et al. 2012)
rather than from Golgi stained microscopy (Petanjek et al. 2011;
Bianchi et al. 2013). Due to heterogeneity in dendritic-spine
density across regions of the cortex (ranging from 0.2 to 3.5
spines per 1 μm of dendrite), we used a highly conservative esti-
mate of 1.5 spines per 1 μm of dendrite to model an average
spine density across the cortex. Lastly, specific to dendritic
length, we used data using intracellular dye injections (biocy-
tin) and then mapped in 3D space using Neurolucida software
(Mohan et al. 2015) rather than data based on the rapid Golgi
stain protocol (Bianchi et al. 2012, 2013).

The use of surface area in this report may be indirectly cap-
turing the amount of bound protons, or the amount of macro-
molecular docking/hydration sites that facilitate efficient
exchange (Ceckler et al. 1992; Koenig et al. 1993; Koenig 1996).
For simplicity’s sake, we ignore the effect of myelin water and
focus on the surface area by which maximal transfer (spin dif-
fusion) can occur. We speculate that the effect of myelin water,
the water found between the inner layers of myelin, is minimal
because only 2–3% of all protons are associated with myelin
water in the cerebral cortex (Vavasour et al. 1998). Although
myelin possesses a higher saturation exchange rate than axon/
cellular membrane, its greater longitudinal relaxation rate
results in comparable MTR values to axonal membranes in
peripheral nerve of the African clawed toad (Does et al. 1998).
Myelinated and nonmyelinated nerves have similar MTR val-
ues, suggesting that cellular membranes and myelin contribute
similarly to MTR, regardless of their very different molecular
composition (Beaulieu 1994). To err on the side of caution, even
if we consider the effect of myelin water in MT, it would not be
as large as the effect of a 34-fold increase in surface area due to
dendrites (and their spines). This is validated by a model of
hypomyelinated pups that have minimal change in the bound-
proton pool fraction size in whole cortical gray matter, and
present only a 7% decrease in MTR of the caudate nucleus (sub-
cortical gray matter) compared with controls (Samsonov et al.
2012). The rather small reduction of MTR in a hypomyelinated
model suggests that myelin is not the biggest contributor to
MTR signal, concurrent with our findings on absolute MTR.

Limitations

One of the limitations of the current analysis is the scarcity of
gene expression data, both in terms of number of donors and
their age range. To some extent, this is mitigated by a 2-stage
validation procedure that includes a comparison of the Allen
Human Brain Atlas with an independent dataset (BrainSpan).
Age-related increases in cortical MT reported by Whitaker et al.
(2016) are replicated in this cohort using an MTR sequence. We
do not replicate, however, the negative relationship between
MT and cortical thickness across the cortex (Whitaker et al.
2016). This may be due to differences in the MRI sequence,
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namely, MTR used in our study versus semiquantitative MT
used by Whitaker et al. (2016). In particular, Whitaker et al.
employed a multiecho acquisition sequence and acquired
images with 1-mm isotropic resolution, compared with 0.875 ×
0.875 × 3.0mm3 used in this study. The off-resonance radiofre-
quency pulse used by Whitaker et al. was at 2000Hz, while we
used a 1000 Hz pulse. Generally speaking, it is difficult to com-
pare MTR (or semiquantitative MT) studies across different cen-
ters and with different acquisition parameters (Tofts 2003).
Note, however, that MTR profiles obtained on the same scanner
4 years apart (i.e., at Visits 1 and 2) are highly reproducible.
Future histological studies demonstrating the relationship
between MTR and dendritic arbor are warranted to confirm
findings from virtual histology.

Conclusion
In summary, we observe an increase in mean MTR values in
the human cerebral cortex with age during adolescence in both
sexes. Inter-regional variation in absolute MTR at a single time-
point is driven by macromolecules associated with cellular
membranes of dendritic arbor, whereas the inter-regional pro-
file in ΔMTR appears to be driven by intracortical myelination.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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