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Abstract: Childhood is a period of extensive cortical and neural development. Among other things,
axons in the brain gradually become more myelinated, promoting the propagation of electrical
signals between different parts of the brain, which in turn may facilitate skill development. Myelin
is difficult to assess in vivo, and measurement techniques are only just beginning to make their
way into standard imaging protocols in human cognitive neuroscience. An approach that has been
proposed as an indirect measure of cortical myelin is the T1w/T2w ratio, a contrast that is based
on the intensities of two standard structural magnetic resonance images. Although not initially
intended as such, researchers have recently started to use the T1w/T2w contrast for between-subject
comparisons of cortical data with various behavioral and cognitive indices. As a complement to these
earlier findings, we computed individual cortical T1w/T2w maps using data from the Adolescent
Brain Cognitive Development study (N = 960; 449 females; aged 8.9 to 11.0 years) and related
the T1w/T2w maps to indices of cognitive ability; in contrast to previous work, we did not find
significant relationships between T1w/T2w values and cognitive performance after correcting for
multiple testing. These findings reinforce existent skepticism about the applicability of T1w/T2w
ratio for inter-individual comparisons.

Keywords: T1w/T2w ratio; structural MRI; intracortical myelin; cognitive abilities; neurocognition

1. Introduction

Extensive neurodevelopment during childhood goes hand in hand with the acquisition
and refinement of a wide range of skills. One striking manifestation of this is the rapid gain
of cognitive abilities during the first years of life. The cerebral cortex is seen as a hub of
higher cognition [1], and the advent of non-invasive neuroimaging has provided researchers
with ample opportunities to study how ongoing cortical changes during childhood map
to emerging cognitive abilities. The specific patterns of development are complex and
differ regionally, as well as depending on the underlying cellular processes. Generally
speaking, however, children’s cortical development is characterized by an initial growth
spurt during the first two years of life with increases in cortical volume, thickness and
surface area, followed by protracted periods of gradual decrease interleaved with relative
stability during later childhood and beyond [2,3].

The interplay of cortical and neurocognitive development has been studied relatively
more in relation to different indices of brain macrostructure [4–7] but is less well understood
with respect to microstructural properties. One of the candidate mechanisms that has been
suggested to underlie cortical reshaping and cognitive development during childhood is
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axonal myelination [2,8]. After years at the relative periphery of the scientific focus, myelin
and its role in learning and memory formation have lately gained increasing recognition in
the field of human cognitive neuroscience. Myelin, a fat-rich substance produced by glial
cells, coats the brain’s nerve fibers, promoting communication between spatially disjoint
brain areas [9,10], an essential prerequisite for healthy brain function [11]. The formation of
myelin in the brain is an important maturational process during childhood, and it appears
to be tightly coupled to cognitive development [12–14]. Traditionally, myelin in humans
has been researched mainly in the context of demyelinating diseases (most notably multiple
sclerosis), but as of recently, the scientific community has started to explore its impact on
brain function in a broader, non-clinical sense [9,15,16]. Despite the complexities of non-
invasive myelin content measurements [9,17,18], the development and use of techniques
to estimate myelin content in humans have started to gain momentum [16,19]—perhaps
encouraged by the growing evidence on the crucial role of myelin in the biology of learn-
ing from animal and cell culture research [20–22]. Histological studies are optimal for
accurately assessing myelin content, but beyond that, various magnetic resonance imaging-
based (MRI) techniques to estimate myelin content in the brain in vivo have also been
suggested [9,17,18,23].

As a case in point, Glasser and Van Essen [24] have proposed to divide a T1w by a
T2w image [9] as a proxy measure of cortical myelin, capitalizing on the fact that myelin—
the primary source of the gray-white-matter contrast in MRI [25]—is highly correlated
with the T1w intensity while being inversely correlated with the T2w intensity [26,27].
Since both images are equally affected by the scanner’s receive bias field, the effects are
reduced in the ratio image [24]. To facilitate the use of T1w/T2w contrasts at a group
level, Ganzetti and colleagues [17] proposed a normalization scheme, which addresses
random variations in signal intensities that can occur due to external factors, such as
hardware, protocol, or participant parameters. Although the T1w/T2w contrast appears
better suited for assessing myelin in cortical than subcortical regions [28–30], adaptations
for subcortical myelin measurements have also been explored [31,32]. The T1w/T2w
ratio correlates moderately with the diffusion MRI indices fractional anisotropy and axial
diffusivity, suggesting that the measures are all sensitive to myelin to some degree. At the
same time, the findings point toward each metric also reflecting additional tissue properties,
such as fiber density and orientation [30]. T1w/T2w contrast imaging appears to be a
better fit for cortical segmentation than for longitudinal comparisons of cohorts—though
in both cases, ensuring appropriate measures to reduce residual bias fields is essential [33].
In a recent effort to examine the reproducibility and reliability of the T1w/T2w ratio,
Nerland and colleagues [34] highlighted issues related to bias field correction and intensity
normalization and provided guidelines for avoiding systematic distortions dependent
on dataset characteristics and intended use of the measure. Their findings point toward
problems with the test–retest reliability of the uncorrected T1w/T2w ratio, and as such, the
authors recommend applying normalization procedures if the contrast is used for group
comparisons or correlational analyses [34].

Research on the relationship between T1w/T2w ratio maps and behavioral data in
humans is limited, but some reports exist in the literature that link the measure to various
cognitive abilities across a wide range of ages [35–39]. The T1w/T2w contrast has also
been applied within clinical and affective neuroscience [40–46]. Overall, these results
are encouraging, in that they point to the T1w/T2w ratio’s potential to reveal relevant
information about the relationship of intracortical microstructure and cognitive abilities
and other indices of behavior, as well as the feasibility of studying larger cohorts with
this technique. At the same time, however, the authors who proposed the T1w/T2w ratio
themselves advise against using the measure for group comparisons or correlations with
biological or behavioral variables [24,47], primarily because the ratio is based on raw image
intensities that are inherently devoid of a standardized measurement unit, and thus, its
interpretability across individuals is limited.
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Considering these conflicting perspectives, the objective of the present study was
to explore the T1w/T2 ratio and its relation to cognitive performance in a large sample
that is more homogeneous in age than what has been studied previously. The cautious
assumption underlying this work is that a large enough sample may, to a certain extent,
help extenuate some of the drawbacks of making interindividual comparisons based on
a unitless measure, particularly in light of various available normalization procedures
that were proposed to facilitate between-individual analyses based on the T1w/T2w
ratio [17,34]. Proceeding from the emerging literature on statistical associations between
cortical T1w/T2w maps and indices of behavior, this study can be viewed as an attempt
to probe the tentative knowledge we have from previous reports in a different cohort—
particularly in light of recently renewed criticism toward using the measure in this way.
Fragmented and partially conflicting experimental findings are a prevailing problem in
cognitive neuroscience, and large-scale data initiatives can be one potential remedy for
this (for an overview of issues regarding the replicability of structural brain-behavior
associations, see, for example, Ref [48]). Using baseline structural MRI and cognitive
performance data from the Adolescent Brain Cognitive Development (ABCD) study, we
investigated how intracortical T1w/T2w ratio relates to cognitive abilities in 9-to-11-year-
olds, while controlling for basic demographic variables that have previously been found
to correlate with brain structure [4,7,49,50]. Since not much is currently known about the
patterns of association between cognitive performance and T1w/T2w ratio in this age
group, this study takes an exploratory approach, examining links between microstructure
and cognition across the entire cortical surface.

The literature suggests that primary sensory cortices are myelinated earlier than
higher-order cortical and limbic areas and the insular cortices [51–54]. In addition, when
investigating a cross-sectional sample spanning almost eight decades, Grydeland et al. [52]
showed that the age at peak myelination was bimodally distributed, with primary sensory
areas reaching their highest point before puberty, while associative cortical areas did not
reach theirs until after puberty. Based on this literature, we expected visual, auditory and
motor cortices to be more heavily myelinated than higher-order processing areas.

2. Materials and Methods

Participants. The MRI and cognitive performance data used in the present analysis
were collected as part of the baseline assessment for the ABCD study. This longitudi-
nal, large-scale research project acquired a wealth of different types of data from nearly
12,000 US children to identify the internal and external factors that can affect an individ-
ual’s developmental trajectory [55]. The data are available to qualified researchers via
a repository managed by the National Institute of Mental Health Data Archive (NDA;
https://nda.nih.gov/abcd, accessed on 17 April 2022). The data collection was launched in
2017 and is planned to continue for a period of 10 years at 21 research institutions across
the United States. The cohort, aged between 9 and 11 years at the first timepoint, reflects
the ratio of genders and ethnic and socio-economic backgrounds present in the general
population in the US in that age group. Most of the universities involved in the ABCD data
collection rely on a central Institutional Review Board (located at UC San Diego) for ethical
approval and review; the remaining research sites work together with local Institutional
Review Boards [56]. For details on how the ABCD Research Consortium ensures standards
of ethical research conduct, see Refs [56–58].

We preprocessed MRI data for a randomly chosen subset of ABCD participants
(N = 1000). Only those who had both a T1w and T2w image at the baseline assessment,
which had passed the ABCD quality control procedures (see below for details), as well as
scores for all seven cognitive measures, qualified for inclusion in the final sample. Due to
an increased risk of atypical language lateralization in left-handers [59], only right-handed
participants were included. These criteria left us with a final sample of N = 960 for our
analysis (511 males, 449 females). An overview of demographic information on the sample
can be found in Table 1.

https://nda.nih.gov/abcd
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Table 1. Basic demographic information 1.

Demographic
Variable

Females
N = 449

Males
N = 511

Age (in years) M = 9.97 (SD = 0.61) M = 10.04 (SD = 0.62)

Race

White = 347 White = 417
African American = 79 African American = 66
Native American = 15 Native American = 7

Asian = 25 Asian = 29
Other = 37 Other = 33

Household income
(in the past 12 months)

USD 200 k and greater = 46 USD 200 k and greater = 53
USD 100 k–199 k = 141 USD 100 k–199 k = 158
USD 75 k–99,999 = 73 USD 75 k–99,999 = 72
USD 50 k–74,999 = 43 USD 50 k–74,999 = 69
USD 35 k–49,999 = 47 USD 35 k–49,999 = 43
USD 25 k–34,999 = 21 USD 25 k–34,999 = 23
USD 16 k–24,999 = 19 USD 16 k–24,999 = 30
USD 12 k–15,999 = 8 USD 12 k–15,999 = 8
USD 5 k–11,999 = 17 USD 5 k–11,999 = 10

Less than USD 5000 = 5 Less than USD 5000 = 7

Parental Education 2

Bachelor’s degree or higher = 264
Some form of post-high school education = 129

Bachelor’s degree or higher = 287
Some form of post-high school education = 156

High school degree = 32 High school degree = 39
No high school degree = 23 No high school degree = 28

1 Numbers do not always add up to N = 960 due to missing data and multiple responses. 2 Referring to the parent
that filled out the questionnaire.

Cognitive performance. Cognitive performance was assessed by means of seven com-
puterized tasks, all of which are part of the NIH Toolbox Cognition Battery. This toolbox
is designed to capture different cognitive constructs, measuring both fluid and crystal-
lized abilities; see Table 2 for an overview of the tasks and the cognitive processes they
assess. More detailed information on each of the tasks can be found elsewhere [60,61].
Age-corrected standard scores were used for all analyses. All measures were administered
on an iPad using computerized adaptive testing, and all children completed the tasks in
English [61]. Visualizations of the performance distribution for each cognitive domain can
be found in Supplementary Figures S15–S21.

Table 2. Overview of the cognitive measures from the NIH toolbox.

Task Cognitive Domains

Oral Reading Recognition Test
Language
Reading

Decoding

Picture Vocabulary Test Language
Receptive vocabulary

Flanker Inhibitory Control and Attention Test
Executive functioning

Attention
Inhibitory control

Dimensional Change Card Sort Test Executive functioning
Cognitive flexibility

Picture Sequence Memory Test Visuospatial sequencing
Episodic memory

List Sorting Working Memory Test Working memory
Information processing

Pattern Comparison Processing Speed Test Processing speed
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Neuroimaging. Three-dimensional T1w (1 mm isotropic) inversion prepared RF-spoiled
gradient echo and three-dimensional T2w (1 mm isotropic) variable flip angle fast spin echo
structural images (in both cases using prospective motion correction when available [62])
were collected on 3T scanners from three different manufacturers (Siemens Prisma and
Prisma Fit, GE MR 750, and Philips Achieva, dStream and Ingenia [62]). Detailed informa-
tion about the acquisition protocol can be found in Ref [55]. All data in this study stem from
the ABCD Curated Annual Release 3.0 (http://dx.doi.org/10.15154/1519007; accessed on
22 April 2022), which means that the T1w and T2w images have already undergone some
basic preprocessing, such as correction procedures for gradient nonlinearity distortions
and intensity inhomogeneities. For a detailed account of the processing steps performed
on the curated releases, see Ref [62].

MRI quality control. Following in-house preprocessing, the data from the ABCD
Curated Annual Releases undergo manual inspection by trained reviewers to ensure a
consistent quality level [62]. Images are assessed for five types of artifacts and reconstruc-
tions inaccuracies: motion, intensity inhomogeneity, white matter underestimation, pial
overestimation and magnetic susceptibility artifact. If any of these is deemed severe, the
usage of the respective cortical surface reconstruction is advised against [62]. For this
analysis, only recommended MRI data were included.

MRI processing. As part of the ABCD Curated Annual Release 3.0, the MRI data have
already undergone some basic preprocessing. Details about the procedures can be found in
Ref [62]. The T1w and T2w images were further processed with the three minimal structural
preprocessing pipelines (v 4.2.0) from the Human Connectome Project (HCP), described
in depth in Ref [63], which are implemented in FreeSurfer (Image Analysis Software,
v 6.0.0) [64] and FSL (FMRIB Software Library, v6.0.4) [65]. The first of the three pipelines,
the PreFreeSurfer pipeline, generates a native structural volume space for each participant,
aligns the T1w and T2w images, performs bias field correction and registers the individual’s
native structural volume space into MNI space [63]. In the next step, the FreeSurfer
pipeline, volumes are segmented into predefined structures, white and pial surfaces are
reconstructed, and images are registered to FreeSurfer’s surface atlas fsaverage [63]. The
last pipeline, the PostFreeSurfer pipeline, creates volume (NifTI) and surface (GifTI) files,
performs surface registration (to the Conte69 template), downsamples the output and
generates final brain masks and myelin maps based on the T1w/T2w contrast proposed
by Glasser and Van Essen [24], including a few subsequent adjustments [63,66] that help
avoid surface reconstruction errors. Voxels whose T1w/T2w values deviated more than
one standard deviation from all T1w/T2w values inside the cortical ribbon were excluded
(Glasser and Van Essen, 2011). PostFreeSurfer outputs both smoothed (4 mm Gaussian
filter) and unsmoothed myelin maps. The results reported below are based on unsmoothed
maps. All analyses were also performed on smoothed maps—the output of which did not
differ significantly (i.e., nearly perfect spatial overlap between smoothed and unsmoothed
clusters and only minimal variations in p-values) from the results presented below.

Statistics. Separate general linear models (GLM), as implemented in FSL PALM
(Permutation Analysis of Linear Models; [67]), were fit to test for possible associations (both
positive and negative) between vertex-wise T1w/T2w ratio and the performance on each of
the seven cognitive tests. In all models, 22 scanner sites were dummy coded and included
as covariates of no interest (In the early stages, data for the ABCD study was collected
at 22 sites. One of these is no longer active, which is why most ABCD documentation
refers to 21 rather than 22 sites). To account for kinship between some of the subjects,
exchangeability blocks reflecting family structure were added to the models [67] to prevent
data being shuffled between subjects from different families. In addition, we modeled the
relationship between cortical T1w/T2w ratio and age, sex and socioeconomic status (SES)
within a separate analysis, as existent literature suggests these variables to be related to
brain structure [4,7,49,50]. SES was operationalized as a binary variable specifying the
highest level of parental educational attainment, with the two possible values ‘Bachelor’s
degree or higher’ and ‘Less than bachelor’s degree’, resulting in two roughly equally sized

http://dx.doi.org/10.15154/1519007
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groups. Age (in months) was added to the model as a continuous variable, while sex and
SES were dummy coded. Due to some missing data for the SES variable, the sample for all
demographic analyses is slightly smaller than the original sample (N = 953).

To assess statistical significance, 10,000 permutations and family-wise error (FWE)
correction—across vertices, hemispheres and contrasts (positive and negative correla-
tions between T1w/T2w ratio and the respective cognitive test)—with threshold-free
cluster enhancement (TFCE) [68] were used, with a significance threshold of p < 0.05, after
permutation-based correction for multiple testing.

3. Results

The individual cortical T1w/T2w ratio maps confirm earlier findings [51–53], in that
they show a clear tendency for myelin peaks in primary sensory areas (visual, somatosen-
sory and motor cortices) as compared with higher-order processing regions, such as the
pre-frontal cortex. Figure 1 depicts the sample’s mean T1w/T2w ratio map. At the same
time, they clearly illustrate a considerable amount of individual variation in terms of
the unique patterns and time-dependent progression of myelination—see Supplementary
Figure S22 for three individual myelin maps from age-matched participants.
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Figure 1. Sample’s (N = 960) average T1w/T2w ratio map, projected onto its average inflated surface.
Warm colors are higher, cool areas lower in myelin.

None of the demographic regressors (age, sex and SES) was associated with regional
cortical T1w/T2w ratio at corrected alpha = 0.05. Unthresholded t-statistical maps de-
picting the individual contrasts are available as Supplementary Material (Supplementary
Figures S23–S28).

No significant associations between cortical T1w/T2w ratio and any of the cognitive
measures emerged in the FWE-corrected analyses at alpha = 0.05. Re-examining the data
without applying multiple testing correction resulted in significant negative correlations
between the T1w/T2w values and working memory (as indicated by the List Sorting Work-
ing Memory Test), as well as language (as assessed by the Picture Vocabulary Test) and
positive associations between T1w/T2w ratio and processing speed (as indicated by the
Pattern Comparison Processing Speed Test) at an alpha threshold of 0.05. At a stricter alpha
level of 0.01, a few peaks remain for regional associations between T1w/T2w values and
working memory, respectively, processing speed. When it comes to language performance,
thresholding the maps at alpha = 0.01 eliminates the correlations with T1w/T2w, except for
a few, likely spurious, vertices in the inferior portion of the medial surface of the left hemi-
sphere (since the -log10 of the peak vertices is only marginally higher than −log10(p) ≥ 2).
For illustrative purposes, t-statistical maps are given in Figures 2–4 showing the areas in
which T1w/T2w values correlated significantly with cognitive performance at uncorrected
alpha = 0.05, respectively, alpha = 0.01; t-statistical maps are projected onto the average



Brain Sci. 2022, 12, 599 7 of 14

inflated cortical surface of the sample. Unthresholded, FWE-corrected statistical maps for
the remaining cognitive measures are available as Supplementary Material.
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Beyond what is reported here, we also tested for positive and negative correlations
between vertex-wise, cortical T1w/T2w ratio and cognitive performance with age, sex
and SES included in the model as covariates of no interest. The findings from these
analyses correspond well with that we found based on the models that tested for the main
effect of cognitive performance while only regressing out the effects of the scanner site.
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Unthresholded, FWE-corrected t-statistical maps from these analyses are available in the
Supplementary Material (Supplementary Figures S29–S41).
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4. Discussion

The relationship between myelin and behavior has lately been drawing great interest
in human cognitive neuroscience, and a small number of recent publications have reported
cortical T1w/T2w values to be linked to different indices of cognition. Following a similar
approach, we did not observe any such brain-behavior relationships in the subset of the
ABCD data that we analyzed. Despite working with a sizeable sample and a very limited
age range, our analysis did not yield any significant associations between cortical T1w/T2w
values and any of the assessed cognitive domains when applying FWE-corrections to adjust
for multiple testing. The question that arises from this is whether the explanatory power of
interindividual differences in the cortical microstructure alone is insufficient to account for
performance differences in specific cognitive abilities in this population or whether the lack
of findings in the present analysis may instead rather be caused by an inadequately chosen
method. Indices of white matter microstructure have previously been found to explain
cognitive performance differences in typically developing children [69–71]. In view of this,
it does not seem far fetched to expect a similar pattern with respect to cortical microstructure.
What should be kept in mind in this regard is that Glasser and colleagues [24,47] presented
the T1w/T2w contrast primarily as a tool for cortical parcellation and not as a suitable
measure for inter-individual comparisons or correlational brain-behavior analyses. The
obvious appeal of the technique lies in its simplicity: T1w and T2w images are routinely
acquired in most MRI examinations. The acquisition times are reasonable, even for higher
resolutions, and the computation of the ratio image is relatively straightforward compared
to other indices of myelin that typically rely on complex modeling procedures [9]. However,
bearing in mind that the T1w/T2w ratio is not a quantitative measure—meaning that the
values it yields are unitless—it becomes apparent why interpreting its meaning across
participants can be problematic. The present study is in line with this to the effect that
it does not provide any evidence for associations between cortical T1w/T2w ratio and
cognitive performance.

Our finding conflicts with earlier studies that point toward systematic links between
cortical T1w/T2w ratio and different indices of cognition across a wide range of ages [35,36].
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T1w/T2w ratio has, for instance, been associated with performance stability, especially in
older participants—perhaps indicating that age-related cortical demyelination may give
rise to larger variability in individual performance [35]. Similarly, T1w/T2w ratio in white
matter and subcortical structures correlates positively with intelligence, language and
visuo-motor skills in children [37]. On the other hand, better overall cognitive ability in
children and young adults has been related to lower intracortical myelin in frontal re-
gions [36]. Inverse correlations were also observed between local T1w/T2w ratio and more
specific aspects of cognition, ranging from attention, inhibition and language to working
memory [36]. At the same time, a recent study [39], based on the same dataset as the
present work, only found one statistically significant association between T1w/T2w ratio
and a composite score of cognitive performance in an atlas-based analysis. One conceivable
cause behind this discrepancy is the different age groups that were investigated in the stud-
ies. While the present work focused on a relatively narrow age bracket (min = 8.9 years,
max = 11.0 years), earlier research has applied the T1w/T2w ratio to samples covering
much wider age ranges (3–21 years in Ref [36]; 8–83 years in Ref [35]). It should be added
that some of Norbom and colleagues’ [36] findings appear very intuitive, while others
seem less plausible. More specifically, the linear across-cortex increase in myelin between
early childhood and beginning of adulthood they observed, aligns well with what one
would expect based on the existent literature. The inverse association between myelination
and several cognitive abilities [36], on the other hand, is a more puzzling result when
viewing the T1w/T2w ratio as a proxy for cortical myelin content. As it happens, two of
the three cognitive measures that yielded significant results in our sample when correction
procedures were omitted (working memory and receptive language abilities) correlated
negatively with cortical T1w/T2w values, corroborating Norbom and colleagues’ [36]
findings. However, this result should be treated with caution, given the uncorrected,
whole-brain voxel-wise analyses that were used. Relating this outcome to earlier stud-
ies that also discovered unexpected links between brain structure and cognition [35,72],
Norbom et al. [36] conjectured that this observation may be explained by the inhibitory
effect of myelin on axonal sprouting and synaptogenesis [73], since excessive myelination
might impede neuronal plasticity to an extent that becomes detrimental during develop-
ment. The current literature on this topic is scarce, which thwarts a reliable answer for the
time being. Additional studies, especially ones that employ alternative techniques, ideally
quantitative in nature, such as R1 [74], to assess myelin, will be needed to shed light on the
relationship between cognition and myelin in children.

The early years of life are characterized by extensive myelination [10], and the current
data indicate that this process unfolds differently in every individual. Even so, it may be
the case that the T1w/T2w contrast can perform well for brain-behavior correlations when
a wide variety of ages—and thus stages of both cognitive and cortical development—are
taken into account, but less so, when a very specific age group is considered. Similarly, it is
possible that the T1w/T2w ratio is more suitable for contrasting clinical populations with
healthy individuals, where comparably larger differences in local myelin content can be
expected [75–77]. Nevertheless, even within this context, caution should be exercised, as
empirical findings do not always align well with the assumption that T1w/T2w ratio can
be interpreted as a proxy for intracortical myelin; for example, Alzheimer’s patients have
been found to have higher T1w/T2w values than cognitively normal controls [77].

Aside from the evident shortcoming of applying a technique outside of its intended
scope, there are a few additional factors that may have reduced the accuracy of the
T1w/T2w ratio as an indicator of cortical myelin content in this study. Given that the
structural images that were used in the present analysis have a 1 mm isotropic resolution,
the T1w/T2w contrast may not be sensitive enough to detect relatively small-scale dif-
ferences in myelination, considering that the average thickness of the human cortex lies
somewhere around 2.5 mm, with relatively large regional variations [78]. Partial volume
effects give reason for concern in this context. Here, image intensities can be distorted in
areas where gray and white matter and cerebrospinal fluid are found near one another,
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which is especially the case for the cortical ribbon [11]. However, both Norbom et al. [36]
and Grydeland et al. [35] had comparable resolutions to ours, so it does not seem plausible
to assume that the null findings in this sample can be attributed to partial volume effects
alone. That said, an accurate reconstruction of the white and pial surfaces is essential for
producing truthful myelin maps [24], and typically, surface reconstruction benefits from
high resolution, and it could thus be speculated that the results of the present study may
have looked different if images with submillimeter resolution had been available.

There is no consensus on how accurately the T1w/T2w contrast reflects myelin content.
Results from prior work have been promising in terms of the ratio’s ability to describe the
development of myelination over time [11], but comparisons with other measures of myelin
have led to inconsistent results [28–30,79]. Presumably, this mismatch originates at least
partially from the fact that all these measures reflect other tissue properties than myelin to
varying extents. The lack of biological specificity, however, is not an issue that is unique to
the T1w/T2w ratio, but rather one that affects all MRI-based measures to some degree.

Lastly, it could be the case that the relationship between myelination and behavioral
indices is more complicated than what is captured by a linear model, especially in a
population that is undergoing a period of extensive neural reshaping and remodeling.
What we know so far seems to suggest that myelination boosts skill development. So,
to put it crudely, one would expect that more myelin equals more ability. At the same
time, previous research indicates that myelination is not a linear process throughout the
life span but rather that it proceeds in waves and that different regions follow different
timelines [15,52,54]. Since the current sample is constrained with respect to the included
ages, one could argue that such a snapshot of development should lend itself especially well
to revealing correlations with behavior. One factor behind the current result might be that
the T1w/T2w ratio is simply better suited for implementations with diverse populations,
for example across a wider range of ages or to distinguish between patients and healthy
volunteers, whereas it may not be quite fine grained enough to characterize a healthy, more
homogenous group, such as the young ABCD participants at the baseline assessment. Given
that earlier studies have suggested links between cognition and cortical morphology [5,80],
it seems probable that regional associations between cognitive performance and cortical
myelin do exist. To what extent T1w/T2w ratio mapping is an appropriate measure to
uncover these, however, is doubtful in view of the current findings. Going forward, this
work should be complemented by similar studies using B1+ corrected T1w/T2w ratio
maps [47] as well as alternative myelin measures to eventually determine whether the null
findings presented here reflect a biological reality or whether they are merely the result of
applying a technique outside its intended scope.

5. Conclusions

Aside from not yielding evidence for systematic links between cortical T1w/T2w ratio
and cognition in 9–11-year-old children, the current findings suggest that skepticism is war-
ranted when it comes to incorporating the uncorrected T1w/T2w ratio into interindividual
comparisons of performance variables. First and foremost, the authors who proposed this
measure did not intend it to be used for between-subject statistical analyses [24,47]. At the
same time, however, various propositions have been made since Glasser and colleagues [24]
first presented their method about how it could be modified to enhance its stability across
sites and individuals and, thereby, to expand its field of application [11,17,34,47]. These
adaptations will require gradual validation—for example, by comparing them with other
measures of myelin—paving the way for reliable and high-specificity in vivo assessments
of myelin content. Such developments will be crucial for scientists to ultimately gain a
better understanding of concurrent cortical and cognitive development.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12050599/s1, Figures S1–S14: Unthresholded, FWE-
corrected t-statistical map representing areas in which cognitive performance is associated with
T1w/T2w ratio; Figures S15–S21: Performance distributions for the individual cognitive tests;
Figure S22: Three individual cortical T1w/T2w ratio maps; Figures S23–S28: Unthresholded, FWE-
corrected t-statistical map representing areas in which demographic variables are associated with
T1w/T2w ratio; Figures S29–S41: Unthresholded, FWE-corrected t-statistical map representing
areas in which cognitive performance is associated with T1w/T2w ratio while controlling for demo-
graphic variables.
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Sowell, E.R.; et al. Structural Brain Development between Childhood and Adulthood: Convergence across Four Longitudinal
Samples. Neuroimage 2016, 141, 273–281. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/brainsci12050599/s1
https://www.mdpi.com/article/10.3390/brainsci12050599/s1
http://dx.doi.org/10.15154/1519007
http://dx.doi.org/10.15154/1519007
https://abcdstudy.org
https://abcdstudy.org/federal-partners.html
https://abcdstudy.org/federal-partners.html
https://abcdstudy.org/consortium_members/
http://doi.org/10.1038/nrn2719
http://www.ncbi.nlm.nih.gov/pubmed/19763105
http://doi.org/10.1016/j.pneurobio.2021.102109
http://www.ncbi.nlm.nih.gov/pubmed/34147583
http://doi.org/10.1038/nrn.2018.1
http://doi.org/10.1016/j.neuroimage.2016.07.044
http://www.ncbi.nlm.nih.gov/pubmed/27453157


Brain Sci. 2022, 12, 599 12 of 14

5. Burgaleta, M.; Johnson, W.; Waber, D.P.; Colom, R.; Karama, S. Cognitive Ability Changes and Dynamics of Cortical Thickness
Development in Healthy Children and Adolescents. Neuroimage 2014, 84, 810–819. [CrossRef]

6. Shaw, P.; Greenstein, D.; Lerch, J.; Clasen, R.; Lenroot, N.; Gogtay, A.; Giedd, J. Intellectual Ability and Cortical Development in
Children and Adolescents. Nature 2006, 440, 676–679. [CrossRef]

7. Walhovd, K.B.; Krogsrud, S.K.; Amlien, I.K.; Bartsch, H.; Bjørnerud, A.; Due-Tønnessen, P.; Grydeland, H.; Hagler, D.J.;
Håberg, A.K.; Kremen, W.S.; et al. Neurodevelopmental Origins of Lifespan Changes in Brain and Cognition. Proc. Natl. Acad.
Sci. USA 2016, 113, 9357–9362. [CrossRef]

8. Corrigan, N.M.; Yarnykh, V.L.; Hippe, D.S.; Owen, J.P.; Huber, E.; Zhao, T.C.; Kuhl, P.K. Myelin Development in Cerebral Gray
and White Matter during Adolescence and Late Childhood. Neuroimage 2021, 227, 117678. [CrossRef]

9. Heath, F.; Hurley, S.A.; Johansen-Berg, H.; Sampaio-Baptista, C. Advances in Noninvasive Myelin Imaging. Dev. Neurobiol. 2018,
78, 136–151. [CrossRef]

10. Spear, L.P. Adolescent Neurodevelopment. J. Adolesc. Health 2013, 52 (Suppl. 2), S7–S13. [CrossRef]
11. Shafee, R.; Buckner, R.L.; Fischl, B. Gray Matter Myelination of 1555 Human Brains Using Partial Volume Corrected MRI Images.

Neuroimage 2015, 105, 473–485. [CrossRef] [PubMed]
12. Pujol, J.; Soriano-Mas, C.; Ortiz, H.; Sebastián-Gallés, N.; Losilla, J.M.; Deus, J. Myelination of Language-Related Areas in the

Developing Brain. Neurology 2006, 66, 339–343. [CrossRef] [PubMed]
13. Deoni, S.C.L.; O’Muircheartaigh, J.; Elison, J.T.; Walker, L.; Doernberg, E.; Waskiewicz, N.; Dirks, H.; Piryatinsky, I.; Dean, D.C.;

Jumbe, N.L. White Matter Maturation Profiles through Early Childhood Predict General Cognitive Ability. Brain Struct. Funct.
2016, 221, 1189–1203. [CrossRef] [PubMed]

14. Williamson, J.M.; Lyons, D.A. Myelin Dynamics throughout Life: An Ever-Changing Landscape? Front. Cell. Neurosci. 2018,
12, 424. [CrossRef] [PubMed]

15. de Faria, O.; Pivonkova, H.; Varga, B.; Timmler, S.; Evans, K.A.; Káradóttir, R.T. Periods of Synchronized Myelin Changes Shape
Brain Function and Plasticity. Nat. Neurosci. 2021, 24, 1508–1521. [CrossRef]

16. Douglas Fields, R. White Matter in Learning, Cognition and Psychiatric Disorders. Trends Neurosci. 2008, 31, 361–370. [CrossRef]
17. Ganzetti, M.; Wenderoth, N.; Mantini, D. Whole Brain Myelin Mapping Using T1- and T2-Weighted MR Imaging Data. Front.

Hum. Neurosci. 2014, 8, 671. [CrossRef]
18. Laule, C.; Vavasour, I.M.; Kolind, S.H.; Li, D.K.B.; Traboulsee, T.L.; Moore, G.R.W.; Mackay, A.L. Magnetic Resonance Imaging of

Myelin. Neurotherapeutics 2007, 4, 460–484. [CrossRef]
19. Piredda, G.F.; Hilbert, T.; Thiran, J.P.; Kober, T. Probing Myelin Content of the Human Brain with MRI: A Review. Magn. Reson.

Med. 2021, 85, 627–652. [CrossRef]
20. Xiao, L.; Ohayon, D.; Mckenzie, I.A.; Sinclair-Wilson, A.; Wright, J.L.; Fudge, A.D.; Emery, B.; Li, H.; Richardson, W.D. Rapid

Production of New Oligodendrocytes Is Required in the Earliest Stages of Motor-Skill Learning. Nat. Neurosci. 2016, 19, 1210–1217.
[CrossRef]

21. McKenzie, I.A.; Ohayon, D.; Li, H.; De Faria, J.P.; Emery, B.; Tohyama, K.; Richardson, W.D. Motor Skill Learning Requires Active
Central Myelination. Science 2014, 346, 318–322. [CrossRef] [PubMed]

22. Pan, S.; Mayoral, S.R.; Choi, H.S.; Chan, J.R.; Kheirbek, M.A. Preservation of a Remote Fear Memory Requires New Myelin
Formation. Nat. Neurosci. 2020, 23, 487–499. [CrossRef] [PubMed]

23. Stüber, C.; Morawski, M.; Schäfer, A.; Labadie, C.; Wähnert, M.; Leuze, C.; Streicher, M.; Barapatre, N.; Reimann, K.; Geyer, S.; et al.
Myelin and Iron Concentration in the Human Brain: A Quantitative Study of MRI Contrast. Neuroimage 2014, 93, 95–106.
[CrossRef] [PubMed]

24. Glasser, M.F.; van Essen, D.C. Mapping Human Cortical Areas In Vivo Based on Myelin Content as Revealed by T1- and
T2-Weighted MRI. J. Neurosci. 2011, 31, 11597–11616. [CrossRef] [PubMed]

25. Koenig, S.H. Cholesterol of Myelin Is the Determinant of Gray-white Contrast in MRI of Brain. Magn. Reson. Med. 1991,
20, 285–291. [CrossRef]

26. Bock, N.A.; Kocharyan, A.; Liu, J.V.; Silva, A.C. Visualizing the Entire Cortical Myelination Pattern in Marmosets with Magnetic
Resonance Imaging. J. Neurosci. Methods 2009, 185, 15–22. [CrossRef]

27. Yoshiura, T.; Higano, S.; Rubio, A.; Shrier, D.A.; Kwok, W.E.; Iwanaga, S.; Numaguchi, Y. Heschl and Superior Temporal Gyri:
Low Signal Intensity of Cortex on T2- Weighted MR Images of the Normal Brain. Radiology 2000, 214, 217–221. [CrossRef]

28. Arshad, M.; Stanley, J.A.; Raz, N. Test–Retest Reliability and Concurrent Validity of In Vivo Myelin Content Indices: Myelin Water
Fraction and Calibrated T1w/T2w Image Ratio. Hum. Brain Mapp. 2017, 38, 1780–1790. [CrossRef]

29. Hagiwara, A.; Hori, M.; Kamagata, K.; Warntjes, M.; Matsuyoshi, D.; Nakazawa, M.; Ueda, R.; Andica, C.; Koshino, S.;
Maekawa, T.; et al. Myelin Measurement: Comparison between Simultaneous Tissue Relaxometry, Magnetization Transfer
Saturation Index, and T1w/T2w Ratio Methods. Sci. Rep. 2018, 8, 10554. [CrossRef]

30. Uddin, M.N.; Figley, T.D.; Solar, K.G.; Shatil, A.S.; Figley, C.R. Comparisons between Multi-Component Myelin Water Fraction,
T1w/T2w Ratio, and Diffusion Tensor Imaging Measures in Healthy Human Brain Structures. Sci. Rep. 2019, 9, 2500. [CrossRef]

31. Lee, K.; Cherel, M.; Budin, F.; Gilmore, J.; Zaldarriaga Consing, K.; Rasmussen, J.; Wadhwa, P.D.; Entringer, S.; Glasser, M.F.;
Van Essen, D.C.; et al. Early Postnatal Myelin Content Estimate of White Matter via T1w/T2w Ratio. Med. Imaging 2015 Biomed.
Appl. Mol. Struct. Funct. Imaging 2015, 9417, 94171R. [CrossRef]

http://doi.org/10.1016/j.neuroimage.2013.09.038
http://doi.org/10.1038/nature04513
http://doi.org/10.1073/pnas.1524259113
http://doi.org/10.1016/j.neuroimage.2020.117678
http://doi.org/10.1002/dneu.22552
http://doi.org/10.1016/j.jadohealth.2012.05.006
http://doi.org/10.1016/j.neuroimage.2014.10.054
http://www.ncbi.nlm.nih.gov/pubmed/25449739
http://doi.org/10.1212/01.wnl.0000201049.66073.8d
http://www.ncbi.nlm.nih.gov/pubmed/16476931
http://doi.org/10.1007/s00429-014-0947-x
http://www.ncbi.nlm.nih.gov/pubmed/25432771
http://doi.org/10.3389/fncel.2018.00424
http://www.ncbi.nlm.nih.gov/pubmed/30510502
http://doi.org/10.1038/s41593-021-00917-2
http://doi.org/10.1016/j.tins.2008.04.001
http://doi.org/10.3389/fnhum.2014.00671
http://doi.org/10.1016/j.nurt.2007.05.004
http://doi.org/10.1002/mrm.28509
http://doi.org/10.1038/nn.4351
http://doi.org/10.1126/science.1254960
http://www.ncbi.nlm.nih.gov/pubmed/25324381
http://doi.org/10.1038/s41593-019-0582-1
http://www.ncbi.nlm.nih.gov/pubmed/32042175
http://doi.org/10.1016/j.neuroimage.2014.02.026
http://www.ncbi.nlm.nih.gov/pubmed/24607447
http://doi.org/10.1523/JNEUROSCI.2180-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21832190
http://doi.org/10.1002/mrm.1910200210
http://doi.org/10.1016/j.jneumeth.2009.08.022
http://doi.org/10.1148/radiology.214.1.r00ja17217
http://doi.org/10.1002/hbm.23481
http://doi.org/10.1038/s41598-018-28852-6
http://doi.org/10.1038/s41598-019-39199-x
http://doi.org/10.1117/12.2082198


Brain Sci. 2022, 12, 599 13 of 14

32. Chen, H.; Budin, F.; Noel, J.; Prieto, J.C.; Gilmore, J.; Rasmussen, J.; Wadhwa, P.D.; Entringer, S.; Buss, C.; Styner, M. White Matter
Fiber-Based Analysis of T1w/T2w Ratio Map. Proc. SPIE 2017, 10133, 101330P. [CrossRef]

33. Shams, Z.; Norris, D.G.; Marques, J.P. A Comparison of In Vivo MRI Based Cortical Myelin Mapping Using T1w/T2w and R1
Mapping at 3T. PLoS ONE 2019, 14, e0218089. [CrossRef] [PubMed]

34. Nerland, S.; Jørgensen, K.N.; Nordhøy, W.; Maximov, I.I.; Bugge, R.A.B.; Westlye, L.T.; Andreassen, O.A.; Geier, O.M.; Agartz, I.
Multisite Reproducibility and Test-Retest Reliability of the T1w/T2w-Ratio: A Comparison of Processing Methods. Neuroimage
2021, 245, 118709. [CrossRef] [PubMed]

35. Grydeland, H.; Walhovd, K.B.; Tamnes, C.K.; Westlye, L.T.; Fjell, A.M. Intracortical Myelin Links with Performance Variability
across the Human Lifespan: Results from T1- and T2- Weighted MRI Myelin Mapping and Diffusion Tensor Imaging. J. Neurosci.
2013, 33, 18618–18630. [CrossRef]

36. Norbom, L.B.; Rokicki, J.; Alnæs, D.; Kaufmann, T.; Doan, N.T.; Andreassen, O.A.; Westlye, L.T.; Tamnes, C.K. Maturation of
Cortical Microstructure and Cognitive Development in Childhood and Adolescence: A T1w/T2w Ratio MRI Study. Hum. Brain
Mapp. 2020, 41, 4676–4690. [CrossRef]

37. Vandewouw, M.M.; Young, J.M.; Shroff, M.M.; Taylor, M.J.; Sled, J.G. Altered Myelin Maturation in Four Year Old Children Born
Very Preterm. NeuroImage Clin. 2019, 21, 101635. [CrossRef]

38. Schmitt, J.E.; Raznahan, A.; Liu, S.; Neale, M.C. The Genetics of Cortical Myelination in Young Adults and Its Relationships
to Cerebral Surface Area, Cortical Thickness, and Intelligence: A Magnetic Resonance Imaging Study of Twins and Families.
Neuroimage 2020, 20, 116319. [CrossRef]

39. Patel, Y.; Parker, N.; Salum, G.A.; Pausova, Z.; Paus, T. General Psychopathology, Cognition, and the Cerebral Cortex in
10-Year-Old Children: Insights From the Adolescent Brain Cognitive Development Study. Front. Hum. Neurosci. 2022, 15, 781554.
[CrossRef]

40. Bischoff-Grethe, A.; Fennema-Notestine, C.; Kaye, W.; Wierenga, C. Adolescent Anorexia Nervosa Is Associated with Lower
Myelin Content in Cortical Cognitive Control Regions. Biol. Psychiatry 2021, 89, S364–S365. [CrossRef]

41. Qiu, Y.; She, S.; Zhang, S.; Wu, F.; Liang, Q.; Peng, Y.; Yuan, H.; Ning, Y.; Wu, H.; Huang, R. Cortical Myelin Content Mediates
Differences in Affective Temperaments. J. Affect. Disord. 2021, 282, 1263–1271. [CrossRef] [PubMed]

42. Wei, W.; Zhang, Y.; Li, Y.; Meng, Y.; Li, M.; Wang, Q.; Deng, W.; Ma, X.; Palaniyappan, L.; Zhang, N.; et al. Depth-Dependent
Abnormal Cortical Myelination in First-Episode Treatment-Naïve Schizophrenia. Hum. Brain Mapp. 2020, 41, 2782–2793.
[CrossRef] [PubMed]

43. Yasuno, F.; Kudo, T.; Yamamoto, A.; Matsuoka, K.; Takahashi, M.; Iida, H.; Ihara, M.; Nagatsuka, K.; Kishimoto, T. Significant
Correlation between Openness Personality in Normal Subjects and Brain Myelin Mapping with T1/T2-Weighted MR Imaging.
Heliyon 2017, 3, e00411. [CrossRef] [PubMed]

44. Toschi, N.; Passamonti, L.; Bellesi, M. Sleep Quality Relates to Emotional Reactivity via Intracortical Myelination. Sleep 2021,
44, zsaa146. [CrossRef] [PubMed]

45. Darki, F.; Nyström, P.; Mcalonan, G.; Bölte, S.; Falck-Ytter, T. T1-Weighted/T2-Weighted Ratio Mapping at 5 Months Captures
Individual Differences in Behavioral Development and Differentiates Infants at Familial Risk for Autism from Controls. Cereb.
Cortex 2021, 31, 4068–4077. [CrossRef]

46. Ponticorvo, S.; Manara, R.; Russillo, M.C.; Erro, R.; Picillo, M.; Di Salle, G.; Di Salle, F.; Barone, P.; Esposito, F.; Pellecchia, M.T.
Magnetic Resonance T1w/T2w Ratio and Voxel-Based Morphometry in Multiple System Atrophy. Sci. Rep. 2021, 11, 21683.
[CrossRef]

47. Glasser, M.F.; Coalson, T.S.; Harms, M.P.; Baum, G.L.; Autio, J.A.; Auerbach, E.J.; Xu, J.; Greve, D.N.; Yacoub, E.;
Van Essen, D.C.; et al. Transmit Field Bias Correction of T1w/T2w Myelin Maps. bioRxiv 2021.

48. Masouleh, S.K.; Eickhoff, S.B.; Hoffstaedter, F.; Genon, S. Empirical Examination of the Replicability of Associations between
Brain Structure and Psychological Variables. eLife 2019, 8, e43464. [CrossRef]

49. Brito, N.H.; Noble, K.G. Socioeconomic Status and Structural Brain Development. Front. Neurosci. 2014, 8, 276. [CrossRef]
50. Norbom, L.B.; Hanson, J.L.; van der Meer, D.; Ferschmann, L.; Røysamb, E.; von Soest, T.; Andreassen, O.A.; Agartz, I.;

Westlye, L.T.; Tamnes, C.K. Parental Socioeconomic Status Is Linked to Cortical Microstructure and Language Abilities in
Children and Adolescents. Available online: https://psyarxiv.com/tv2fc/ (accessed on 2 May 2022).

51. Deoni, S.C.L.; Dean, D.C.; Remer, J.; Dirks, H.; O’Muircheartaigh, J. Cortical Maturation and Myelination in Healthy Toddlers and
Young Children. Neuroimage 2015, 115, 147–161. [CrossRef]

52. Grydeland, H.; Vértes, P.E.; Váša, F.; Romero-Garcia, R.; Whitaker, K.; Alexander-Bloch, A.F.; Bjørnerud, A.; Patel, A.X.;
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