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Abstract

Myelin content of the cerebral cortex likely impacts cognitive functioning, but this notion has scarcely been investigated in vivo
in humans. Here we tested for a relationship between intracortical myelin and a direct measure of neural activity in the form of
the electrophysiological response error-related negativity (ERN). Using magnetic resonance imaging, myelin mapping was
performed in 81 healthy adults aged 40-60 years by means of a T;- and T,-weighted (T, w/T,w) signal intensity ratio approach.
Error trials on a version of the Eriksen flanker task triggered the ERN, a negative deflection of the event-related potential
reflecting performance monitoring. Compelling evidence from neuroimaging, lesion, and source localization studies indicates
that the ERN stems from the cingulate cortex. Vertex-wise analyses across the cingulate demonstrated that increased amplitude
of the ERN was related to higher levels of intracortical myelin in the left posterior cingulate cortex. The association was
independent of general ability level and subjacent white matter myelin. The results fit the notion that degree of myelin within
the posterior cingulate cortex as measured by T;w/T,w signal intensity plays a role in error processing and cognitive control

through the relationship with neural activity as measured by ERN amplitude, potentially by facilitating local neural

synchronization.
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Introduction

Cerebral myelin, due to its impact on the speed and fidelity of
nerve conduction (Hildebrand et al. 1993), likely constitutes a
prime structural premise for optimal cognitive functioning.
Still, in vivo mapping of cerebral myelin content to neural activity
in humans remains sparse. Recorded at the scalp, the electroen-
cephalography (EEG) has been taken to reflect transient neural
synchrony within local brain patches, as well as across nonneigh-
boring patches of such local synchrony (Girard et al. 2001; Varela
etal. 2001; Voges et al. 2010; Palm et al. 2014). The amount of axon

myelin may contribute importantly to this neural synchroniza-
tion, which requires high levels of temporal precision (Nave
2010). Indeed, at the larger scale level, degree of white matter
(WM) myelination has frequently been hypothesized as the pre-
mier neurobiological mechanism underlying individual differ-
ences in event-related potential (ERP) component amplitude
and latency (Poulsen et al. 2007; Brydges et al. 2013). In Westlye
et al. (2009), we demonstrated a relationship between the ampli-
tude of the error-related negativity (ERN) (Falkenstein et al. 1991,
Gehring et al. 1993) and fractional anisotropy (FA) derived from
diffusion tensor imaging (DTI) in posterior parts of the cingulate
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WM pathway. Thus, properties of WM related to myelin might
play a role in the large-scale integration between distant brain
sites of local synchronous activity, including the principal ERP
generator. However, myelin also coats pyramidal axons in cor-
tical circuits not going via deeper WM (Thomson and Bannister
2003; Tomassy et al. 2014). Interestingly, scalp-recorded EEG like-
ly reflects summated field potentials caused by postsynaptic po-
tentials of cortical pyramidal neurons (Luck 2005). Compared
with the more large-scale integration effects of WM myelin, in-
tracortical myelin might influence synchronization occurring
within, or situated closer to, more localized networks of active
generators, in turn influencing ERP amplitude (Thatcher et al.
1998; Elvsashagen et al. 2014). Moreover, the degree of intracorti-
cal myelin in a particular brain area appears to differ across indi-
viduals (Grydeland et al. 2013). Here, we ask how the variation in
intracortical myelin mapped in vivo relates to variation in neural
activity in humans.

To test the importance of interindividual differences in intra-
cortical myelin for neural activity and cognitive processing, we
use the ERN as the ERP component of interest. As studied here,
the ERN denotes a negative deflection of the ERP peaking at fron-
to-central electrodes around 50-100 ms after self-generated,
overt incorrect responses in a choice reaction time (RT) task,
without external feedback indicating the presence of an error
(Yeung et al. 2004; Hauser et al. 2014). This negativity putatively
indexes activity in a cognitive control system monitoring per-
formance (Taylor et al. 2007). Importantly, a host of studies indi-
cate that ERN originates from the cingulate cortex (Dehaene et al.
1994; Debener et al. 2005; Agam et al. 2011). This feature enables
strong a priori hypotheses concerning the location of effects. We
performed intracortical myelin mapping using a ratio of T;- and
T,-weighted (T, w/T,w) magnetic resonance imaging (MRI) signal
intensity (Glasser and Van Essen 2011). This approach has been
shown to map well with histological characterizations of myelin
distribution (Glasser and Van Essen 2011) and to be sensitive to
age-related differences across the lifespan as well as to RT vari-
ability (Grydeland et al. 2013). In accordance with source localiza-
tion studies placing the neural generator of the ERN in the
posterior cingulate (Agam et al. 2011), as well as our previous
study showing a correlation between ERN amplitude and WM
microstructural properties in the posterior part of the underlying
cingulum tract (Westlye et al. 2009), we predicted stronger error
signal (more negative ERN amplitude) with increased levels of in-
tracortical myelin (larger T;w/T,w ratio value) in the posterior
cingulate cortex.

To summarize, degree of myelin may be important for the
transient local and global neural synchrony underlying the EEG
signal recorded at the scalp. Results have indicated a relationship
between integrity of the posterior cingulum WM bundle and ERN
(Westlye et al. 2009), potentially reflecting myelin involvement
important for the synchronization of activity between involved
brain areas. The current study tests for additional effects of mye-
lin in the overlying cingulate cortex, potentially important for
synchronization of activity at, or closer to, the principal neuronal
ERN generator.

Materials and Methods

A Regional Committee for Medical and Health Research Ethics
approved the study. Details regarding recruitment and enrol-
ment, experimental task, EEG recordings and processing, and
ERN quantification have been reported in Westlye et al. (2009);
MRI acquisition and T;w/T,w ratio maps generation have been

described in Grydeland et al. (2013). The procedures were identi-
cal if not otherwise stated.

Briefly, written informed consent was obtained from all parti-
cipants. We required participants to be right-handed, fluent Nor-
wegian speakers, and have normal or corrected to normal vision
and hearing. Exclusion criteria were self-reported neurological or
psychiatric conditions known to affect normal cerebral function-
ing, including clinically significant stroke, traumatic brain injury,
untreated hypertension, diabetes, use of psychoactive drugs
within 2 years of the study, or worries concerning own cognitive
status including memory function. All participants scored above
16 on Beck Depression Inventory (Beck and Steer 1987) and 26 or
above on Mini Mental State Examination (Folstein et al. 1975).

Of the 87 participants included in Westlye et al. (2009), 6 par-
ticipants were excluded here due to (number of participants in
parentheses) corrupted (3) or nonidentical Tow matrix (1), over-
folding artifact (1), or incomplete T,w data (1). Totally, we in-
cluded 81 participants (48 females, 59.3%), mean age=52.6
years, standard deviation (SD) = 5.1, min-max =40.7-60.6).

General cognitive abilities were assessed by Wechsler Abbre-
viated Scale of Intelligence (Wechsler 1999). Estimated mean full-
scale intelligence quotient (FIQ) was 113.7 (SD=7.2, min-max =
95.5-128.1).

MRI was performed using a 12-channel head coil on a 1.5-T
Siemens Avanto scanner (Siemens Medical Solutions, Erlangen,
Germany). The T;w volumes were acquired using a 3D T;w
MPRAGE: TR =2400 ms, TE =3.61 ms, TI=1000 ms, 8° flip angle,
FOV =240 mm, matrix = 192 x 192 x 160, 1.25 x 1.25 x 1.2 mm vox-
els. For the T,w volumes, we used a 3D T,w sampling perfection
with application-optimized contrasts using different flip angle
evolutions (SPACE): TR=3390ms, TE=388ms, variable flip
angle angle, FOV = 256 mm, 204 x 256 x 176 matrix, 1 mm isotrop-
ic voxels. Scans were acquired sagittally.

The T;w volumes were processed using the Freesurfer 5.1
suite (http:/surfer.nmr.mgh.harvard.edu), including brain ex-
traction, intensity normalization, automated tissue segmenta-
tion, generation of white and pial surfaces, surface topology
correction, and surface-based cortical thickness and mean
curvature maps (Dale et al. 1999; Fischl and Dale 2000).

The Tow image was registered to the T;w image by using Free-
surfer’s bbregister (Greve and Fischl 2009), and FSL’s applywarp
tool using spline interpolation to minimize the WM and CSF con-
tamination of GM voxels (Glasser and Van Essen 2011). The T;w
volume was divided on the aligned T,w volume, creating a
T,w/T,w ratio volume. We sampled T;w/T,w values vertex wise
at a distance of 0.2 mm into the GM from the WM/GM boundary,
yielding GM T,w/T,w surfaces. As we previously have found
effects of WM microstructure quantified by DTI on ERN, we in-
cluded measurements of WM T;w/T,w to be used as a per-vertex
regressor in a follow-up model to assess for cortical-specific
effects. To this end, similar to our previous studies (Westlye
et al. 2010; Grydeland et al. 2013), we sampled T;w/T,w values
at a 1.0 mm distance into the WM from the WM/GM boundary,
yielding WM T,w/T,w surfaces. Further, the current imaging
resolution does not allow for specific inferences at the level of
cortical layers, which requires superior resolution and specific
modeling (Waehnert et al. 2014). Still, in an effort to potentially
allow more specific information regarding intraregional effects,
we created 3 additional surfaces for each subject. Using a sliding
window approach, the surfaces represented the average T, w/Tow
values across 1) the first inner half of the cortex (from the WM/
GM boundary and halfway into the cortex, or, in other terms,
from O to 50% of the cortical thickness into the GM, sampled at
5% intervals), 2) the middle part of the cortex (from 25% to 75%
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of the cortical thickness), and 3) the outermost half of the cortex
(from 50% to 100% of the thickness). This attempt does still not
allow us to infer about cortical layers, but might inform us in a
relatively broad manner as to in what part of the GM the effects
manifest. Thus, in total, we obtained 5 different T;w/T,w sur-
faces, 4 from the GM and 1 from WM, per hemisphere. Extreme
T,w/T,w values [defined as values exceeding the following for-
mula: first/third quartile —/+ (interquartile range * 5)] were set to
the median value of the remaining vertices in each hemisphere.

The individual thickness, mean curvature, and T,w/T,w ratio
surfaces were mapped to a common surface using a spherical
averaging method to align cortical folding patterns (Fischl et al.
1999) and smoothed with a circularly symmetric Gaussian kernel
(full width at half maximum =12 mm). We divided the surface
into 33 gyral-based areas in each hemisphere (Desikan et al.
2006) and merged the cingulate regions (caudal anterior, isth-
mus, posterior, and rostral anterior) into one 8586 and one 8041
vertices cingulate mask for the left and right hemisphere,
respectively.

We administered a modified version of the Eriksen flanker
task, similar to Debener et al. (2005) (Fig. 1A). Each trial consisted
of a central fixation cross presented for a random interval ranging
between 1200 and 1800 ms, followed by the presentation of 4
horizontal flanker arrows (length 1 cm or ~1°) in a vertical stack
(2.5° high), pointing either to the left or the right, displayed cen-
trally on a computer screen for 80 ms before a target arrow of the
same size appeared in the middle of the stack for 30 ms. The
flanker arrows were presented before the target to increase pre-
potent responding and to make the task more difficult. The par-
ticipants were instructed to respond as accurately and quickly as
possible by hand pressing a left button if the target middle arrow
was pointing to the left and a right button if the target was point-
ing to the right. To increase the participants’ motivation for rapid
responses and to enhance their attentional investments in the
task, a prompt instructing the participant to respond faster was
displayed after every subsequent third trial including response
omission, or after trials with RT exceeding 10% of the mean RT
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for the first 20 trials. The experiment consisted of 416 trials,
with a short break half way, divided into “congruent” trials,
where all arrows pointed in the same direction, and “incongru-
ent” trials, where the middle arrow pointed in the opposite direc-
tion of the flanker arrows. The probability of an incongruent trial
was 50% in a randomized fashion, with no more than 3 consecu-
tive incongruent trials.

The electrophysiological recordings were carried out using
the 128 channels EasyCap Montage No. 15 (http:/www.easycap.
de/easycap/), and a sampling rate of 1000 Hz, in a shielded Fara-
day chamber. The signals were amplified with Neuroscan
SynAmps2 and filtered online with a 30-Hz low-pass and 0.15-Hz
high-pass analog filter prior to digitalizing. All electrodes were re-
ferenced to a common electrode placed on the left mastoid. Verti-
cal eye blinks were recorded with bipolar electrodes above and
below the left canthi. Impedances were kept below 10 kQ.

The continuous dataset was segmented into 1000 ms epochs
from 600 ms prior to response. The entire epochs were linearly
detrended and baseline corrected relative to activity from —600
to =500 ms prior to response. All trials with RT >600 ms were ex-
cluded, as were epochs containing signals +100 pV. The epochs
were corrected for eye blinks (Semlitsch et al. 1986) and digitally
filtered with a 30-Hz, low-pass filter. Remaining epochs contain-
ing response-locked correct and erroneous responses from in-
congruent trials were extracted for further analysis. Mean
number of accepted error trials was 44.7 (SD=26.2, min-max =
10-135).

Based on mean grand average curves and topographical volt-
age plots for error trials for all participants, which revealed a
maximum peak at channel FCz, we defined the peak amplitude
of the ERN as the most negative point between 0 and 130 ms post-
response at this channel (mean latency = 63.69 ms, SD =22.32).
Mean values from FCz, Fz, and Cz were used to represent the
ERN to minimize single electrode noise and possible signal dis-
tortions. Individually adjusted average amplitude signal inten-
sity was estimated by averaging the measured potential in the
20 ms preceding and 20 ms after peak amplitude at FCz for each

Congruent Incongruent

h h
_ q
_ h
N A
30 ms
C Correct
Front
- 8
uv

40-80 ms

Figure 1. (A) Each trial consisted of a fixation cross followed by the presentation of 4 flanker arrows pointing to either the left or right side for 110 ms; duringlast 30 ms, the
middle target arrow appeared together with the flanker arrows pointing either in the same (congruent condition) or the opposite (incongruent condition) directions with
respect to the flanker arrows. (B) Grand average curves for mean Fz, FCz, and Cz activity demonstrating the ERN, the negative deflection peaking approximately 60 ms after
error commission; response at time 0 ms. (C) Topographic distributions of the electrophysiological potentials after correct and erroneous responses.
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participant. Mean amplitude for Fz, FCz, and Cz was -5.81 pV
(SD =5.50).

We applied a general linear model (GLM) in a vertex-wise
manner to test for linear effects of ERN amplitude on the intracor-
tical T;w/T,w ratio maps sampled at 0.2 mm into the GM. In
addition to this main analysis, we performed additional sur-
face-based GLMs to assess the specificity of the main result. In
all GLMs, age and sex were used as global regressors, and cortical
thickness as a per-vertex regressor, to control for possible con-
founding effects. The cortical thickness covariate was included
to safeguard that the variation in T;w/T,w was not influenced
by simultaneous variation in thickness. The data were tested
against an empirical null distribution of maximum cluster size
across 5000 iterations using Z Monte Carlo simulations as imple-
mented in FreeSurfer (Hagler et al. 2006) synthesized with a clus-
ter-forming threshold of P<0.01 (2-sided), yielding clusters
corrected for multiple comparisons. Following the existing litera-
ture clearly indicating a cingulate cortex generator of the ERN
(Dehaene et al. 1994; Debener et al. 2005; Agam et al. 2011), we
first performed the main analysis and correction within the en-
tire cingulate cortex, as in Westlye et al. (2009). In an exploratory
secondary approach, we repeated the main analysis across the
entire cortex. The additional analyses across the cingulate cortex
were as follows: First, to assess the potential effect of general
ability level, we repeated the main analysis including FIQ as a re-
gressor (and included FIQ in the remaining analyses). Second, in
an attempt to control for potential biases associated with cortical
folds, we also performed a GLM including a measure of the
WM/GM boundary mean curvature as a per-vertex regressor.
The third follow-up GLM was performed to test for the specificity
of the intracortical effects compared with WM: We re-ran the
main analysis adding WM T,w/T,w ratio as a per-vertex regres-
sor. Finally, we ran a GLM for each of the 3 T;w/T,w surfaces
sampled as an average of the inner half, middle half, and outer
half of the GM from the WM/GM boundary to assess potential re-
gional GM effects. In a final test of the specificity of the result
from our main analysis, we compared the current T;w/T,w-ERN
effect with WM-ERN effect obtained using DTI in Westlye et al.
(2009) (see Westlye et al. for more details regarding DTI acquisi-
tion and analysis). To this end, we obtained the mean FA values
from the significant cluster in Westlye et al. for the 81 subjects in-
cluded here. These values were fed to a stepwise regression to-
gether with T;w/T,w values from the current main significant
cluster corrected for thickness (residuals following linear regres-
sion of T, w/T,w values on thickness). To test for potential hemi-
spheric differences in T;w/T,w and ERN amplitude correlations
across the cingulate cortex, the paired.r function, part of the R
(www.r-project.org/) package psych, was used.

To illustrate the individual data points and to provide a gen-
eral measure of effect size, we extracted mean T,w/T,w values
from significant cluster vertices in our main analysis, removed
the effects of the nuisance regressors including FIQ, and plotted
the residuals against ERN amplitude. To assess relationship with
behavior, we also correlated these T,w/T,w values with number
of correct responses and RT from the congruent and incongruent
trials.

Results

Mean (SD, min-max) accuracy for congruent trials was 97.3% (3.2,
82-100) and 78.5% (12.6, 35-95) for incongruent trials, a significant
difference (t=14.9, P <0.0001). RT was significantly slower (t=53,
P <0.0001) in the incongruent [483 ms (41.2, 403-608)] compared
with the congruent (386.9 ms (39.4, 281-499) correct trials. Mean

median RT for erroneous congruent (61 cases, very few re-
sponses) was 386 ms (134.3, 123-743) and 337 ms (34.2, 266—470)
for incongruent errors (difference not tested due to few errors
in the congruent condition). Stronger ERN amplitude correlated
with increased behavioral accuracy in both the congruent
(r=-0.41, P<0.0002) and the incongruent condition (r=-0.32,
P <0.004), also when including the effects of age and sex (congru-
ent: r=-0.41, P<0.0002, incongruent: r = -0.36, P <0.002).

Figure 1B shows the grand averages for correct and erroneous
incongruent trials for the 81 participants, demonstrating an ERN
in the erroneous trials, while Figure 1C displays the correspond-
ing topographic distribution of the electrophysiological potential;
both practically identical to our previous report (Westlye et al.
2009).

Figure 2 depicts the average and the SD of T;w/T,w intensity,
as well as the per-vertex covariates thickness, and mean curva-
ture for each vertex on the left medial surface. As previously
shown (Glasser and Van Essen 2011; Grydeland et al. 2013), areas
with high content of myelin such as primary sensory areas show
higher T;w/T,w ratio. Of note is the variation in both T;w/T,w
and mean curvature (Fig. 2, lower panel), which might, at least in
part, have influenced the intersubject alignment used to identify
corresponding surface vertices (see Discussion).

Figure 3A shows the effect of ERN amplitude on T;w/T,w in-
tensity across the left cingulate cortex. One left hemisphere clus-
ter showed a significant negative correlation between ERN and
T,w/T,w, reflecting more negative amplitude with higher T;w/
T,w intensity [number of vertices =394, clusterwise P-value
(CWP) =0.0002, Talairach X/Y/Z coordinates of maximal P-value
(Tal X/Y/Z) = —-6/-30/34]. The inclusion of FIQ did not affect the re-
lationship (number of vertices =388, CWP =0.0002, Tal X/Y/Z =
—6/-30/34), neither did the addition of mean curvature as a per-
vertex regressor (number of vertices =403, CWP = 0.0002, Tal X/Y/
Z —5/-30/35). Figure 3B shows the ERN amplitude plotted against
T,w/T,w residuals from the 388 vertices cluster, after controlling
for age, sex, FIQ, and cortical thickness (r=-0.36).

The assessment of the influence of WM on the intracortical
effects showed that the relationship was maintained but reduced
when adding WM T, w/T,w as a per-vertex regressor (number of
vertices =170, CWP =0.0292, Tal X/Y/Z = -5/-30/33). The corre-
sponding correlation was r = —0.33. In the stepwise regression in-
cluding WM FA values from the PCC cluster in Westlye et al. and
thickness-corrected GM T,w/T,w values from the current PCC
cluster, the final regression model included both predictors:
FA (8=-0.262, P=0.0170) and T,w/T,w (8=—-0.249, P =0.0228).
Adjusted R? for the final model was 0.16 (F,,75 = 7.67, P = 0.00091),
compared with an R? of 0.10 for FA only. The Pearson’s correlation
coefficient between the predictors was 0.2, marginally not
significant (P =0.074).

There was no significant correlation between mean T;w/T,w
in the effect site and correct congruent (r=-0.13, P =0.265) or in-
congruent (r=-0.03, P=0.770) RT, nor for RT of incongruent er-
rors (r=-0.09, P=0.410), or number of correct congruent
(r=0.14, P=0.215) or incongruent (r =0.09, P=0.412) responses.
No significant clusters were found in right hemisphere (the low-
est CWP was 0.16, in the posterior cingulate cortex). The median
correlation between T;w/T,w and ERN amplitude across all verti-
ces in the left cingulate were not found to be larger compared
with the right (P=0.610).

An exploratory GLM across the entire cortical mantle did not
yield any significant clusters after corrections for multiple compar-
isons; Figure 3C shows the uncorrected P-value surface maps. In
the left hemisphere, the largest cluster was found in the same pos-
terior cingulate cortex. In the right hemisphere, the largest cluster
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3% mmm— 96%

Figure 2. Average and SD of T,;w/T,w ratio, cortical thickness, and mean curvature across participants. Values are thresholded at 3 and 96 percentile (i.e., values below and
above, respectively, were set to color saturation) and were not smoothed before calculation. The units are arbitrary for T;w/T,w, mm for thickness, and 1/mm for curvature.
The asterisk marks the maximum P-value vertex of the T;w/T,w-ERN cluster in Figure 3. Colormaps were generated using the pmkmp function (Niccoli 2010).
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Tyw/ Tow (Z)

Figure 3. (A) Semi-inflated left hemisphere surface rendering showing the T;w/T,w-ERN effect site (blue) overlaid the cingulate cortex mask (purple). (B) Individual Z scores
of ERN amplitude and T,w/T,w residuals, after regressing out age, sex, FIQ, and cortical thickness, in the effect site. (C) Semi-inflated left (LH) and right hemisphere (RH)
surfaces (lateral and medial view) showing P-values of tests across the cortical mantle uncorrected for multiple comparisons.

was found in the inferior parietal cortex, although effects were also
seen in both anterior and posterior parts of the cingulate cortex. Of
note is also the fact that only negative effects were found across
hemispheres while we would have expected a random distribution
of positive and negative values given under the null distribution, as
noted in Westlye et al. (2009). Still, these uncorrected results
should be interpreted with caution.

The results of the average T;w/T,w values from the overlap-
ping inner half, middle half, and outer half of the GM can be
found in Figure 4, which shows uncorrected P-values (all clusters
except the one marked by the asterisk survived correction for mul-
tiple comparisons). In the left hemisphere, the PCC effect was pre-
sent both for the inner (number of vertices = 510, CWP = 0.0002, Tal

X/Y/Z = -5/-30/36) and middle half (number of vertices = 586, CWP

=0.0002, Tal X/Y/Z = —5/-30/36) of the GM, while no effects were ob-
served in the GLM based on the outmost part of the GM. For the
right hemisphere, a smaller but similar cluster formed in PCC at
0-50% but did not survive corrections for multiple comparisons
(number of vertices = 113, CWP =0.075, Tal X/Y/Z = 11/-32/39). How-
ever, a caudal anterior cingulate cluster was observed (number of
vertices =139, CWP =0.034, Tal X Y/Z = 9/9/34).

Discussion

Here we demonstrate a link between intracortical myelin and dir-
ectly measured electrophysiological neural activity. Increased
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Figure 4. Uncorrected P-values of the ERN amplitude effect on average T;w/T,w
values for the innermost half (from 0% to 50% of the cortical thickness), middle
half (from 25% to 50% of the thickness), and outermost half (from 50% to 100%
of the thickness) of the cortex. All clusters except for the one indicated by the
asterisk survive correction for multiple comparisons at P=0.05. For the right
0-50% results, the hemisphere is tilted for better visualization.

amplitude of the ERP component ERN, a marker of error process-
ing and cognitive control, was related to higher levels of intracor-
tical myelin as measured by T,;w/T,w signal intensity ratio in the
left posterior cingulate cortex. This finding appears in line with
the notion that degree of posterior cingulate cortical myelin
plays a role in performance monitoring through its relationship
with the ERN, potentially by facilitating local neural synchroniza-
tion. We have previously shown a correlation between posterior
cingulate WM microstructure and the amplitude of the ERN
(Westlye et al. 2009). However, as the neural generators of electro-
physiological markers stem from summated field potentials in
the cortex (Luck 2005), the present finding of a relationship
with interindividual differences in myelin content within
the cortex suggests additional structural effects closer to the
generator site.

As hypothesized, the relationship between intracortical
T,w/T,w intensity and ERN amplitude was located in the cingu-
late cortex. Specifically, based on Vogt et al. (2006), the observed
cluster encompasses the left dorsal posterior cingulate cortex
(PCC; anterior parts of Broadman area 23d). PCC connects to a
high number of other cortical areas and features prominently
in putative core brain networks such as the default mode net-
work (Buckner et al. 2009; van den Heuvel and Sporns 2011). Con-
sequently, PCC has been implicated in a host of processes,
preventing simple functional characterizations. Recently, it was
proposed that the PCC plays a key role in altering behavior in re-
sponse to unexpected change (Pearson et al. 2011). This proposal
fits recent evidence by Leech et al. (2012), demonstrating that the

dorsal PCC relates to distinct distributed networks thought to be
closely involved in the control of behavior.

Although agreement exists of cingulate origins of the ERN,
the ACC has commonly been attributed as the ERN generator
(Dehaene et al. 1994; Debener et al. 2005). Still, source localization
of the ERN based on EEG (Mathewson et al. 2005), magnetoence-
phalography (Keil et al. 2010), simultaneous magneto- and
electroencephalography (MEEG) (Miltner et al. 2003), and intra-
cranial recordings (Brazdil et al. 2005; Pourtois et al. 2010), as
well as functional MRI studies (Menon et al. 2001; Ullsperger
and von Cramon 2001), has shown substantial variation indicat-
ing generator and activation sites along large parts of the cingu-
late cortex in both hemispheres, including the PCC (see for
instance Fig. 1 in Agam et al. 2011). Thus, beyond cingulate in-
volvement, consistent findings have been elusive. Of the various
source localization methods, MEEG arguably allows for the most
accurate localization (Sharon et al. 2007). Our results accord very
well with 2 recent source localization studies using MEEG (Agam
et al. 2011; Charles et al. 2013); both studies located the source of
the ERN to the dorsal PCC bilaterally, peaking in the left hemi-
sphere (Tal X/Y/Z=-6/-19/38, and -6/-22/33, respectively).
Thus, the findings here support the notion that higher levels of
intracortical myelin content in the putative generator site dorsal
PCC relates to the a neural marker of error processing, which in
turn predict response accuracy.

Of note, in Agam et al. (2011), greater functional MRI activa-
tion during error trials was observed in the ACC. Additionally,
ERN amplitude correlated with fMRI activation in both the PCC
and ACC, and the regions showed similar nontask-related fMRI
activity, suggesting functional connectivity between the regions,
putatively mediated by direct structural connections via the cin-
gulum WM pathway (Vogt et al. 2006). Interestingly, in a second
experiment not requiring fast responding, Charles et al. (2013) es-
timated the ERN source to both the dorsal PCC (Tal X/Y/Z=-9/
-23/31) and the dorsal ACC bilaterally (Tal X/Y/Z=7/2/27).
Taken together, these findings suggest that both regions engage
in error processing. In accordance with this result, we found a
small right ACC cluster in one of the follow-up analysis. A pro-
posed model conjectures that the PCC detects errors, gives rise
to the ERN, and then relays error information to the dorsal ACC
via the cingulum WM pathway to adapt behavior (Agam et al.
2011). Still, a network of areas probably contributes to error-re-
lated processing as for instance ERN amplitude attenuates in pa-
tients with lesions not only to the cingulate (Swick and Turken
2002), but also to lateral prefrontal cortex, and basal ganglia nu-
clei (Ullsperger and von Cramon 2006).

The current effort adds a dimension to our previous WM DTI
and ERN investigation using FA as measure of WM cingulum in-
tegrity in an overlapping sample (Westlye et al. 2009). The finding
of a cortical T;w/T,w relationship in the left PCC in the current
study fits well with the effect found in Westlye et al., which
was situated slightly more posteriorly, in the posterior most
part of dorsal PCC, at the border to ventral PCC. Thus, we observe
very similar but not identical results using 2 microstructural
measures in WM and GM, respectively. Here, the GM finding
was still significant after including FA from the abovementioned
WM cingulum cluster in our previous study, and, similarly, the
GM T,w/T,w-ERN effect remained after correction for subjacent
WM T;w/T,w, although somewhat attenuated. Thus, though FA
probably does not mainly reflect myelin (Beaulieu 2002), the sig-
nificant GM T;w/T,w effects after including WM measures appear
to suggest at least partially independent contribution from both
cortex and WM. In relation to these findings, our main and fol-
low-up analyses indicate that the effects stem from the half of
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cortex closest to WM. Low and mid-cortical areas contain fibers
both running radial (perpendicular to the surface) and tangential
(parallel to the surface); for instance, the horizontal stripes
of Baillarger can be seen in low-to-mid-cortical areas in the
medial parietal cingulate regions [see for instance Fig. 27 in
Nieuwenhuys (2013)]. However, the current resolution precludes
determination of whether the effects observed here relate preva-
lently to local cortical axons or to axons part of long-range con-
nections via deeper WM. Future studies modeling cortical
layers using superior image resolution (Waehnert et al. 2014)
might disentangle potential independent effects of different
connection types.

We cannot exclude the possibility that individual differences
in the size of myeloarchitectonic areas, or in the pattern of cor-
tical folding, in part influenced the intersubject alignment used
to identify corresponding surface vertices. As evident from
Figure 2, and previously reported (Glasser and Van Essen 2011;
Grydeland et al. 2013), the T;w/T,w-ERN effect is situated in an
area of nonuniform distribution of average T;w/T,w values, as
well as appreciable variation in both T;w/T,w and mean curva-
ture (Fig. 2, lower panel). However, we employed a surface-
based registration that respects the topology of the cortex despite
large individual differences in the convolution patterns, a signifi-
cant advantage compared with conventional volume-based
registration (Fischl et al. 1999; Fischl et al. 2008; Van Essen and
Glasser 2014). Local distortion errors might still occur using this
approach, most likely in areas of high individual variation such
as the ones mentioned above. Still, both individual variation
(Fig. 2) and local registration distortion hotspots [see for instance
Fig. 1lin Van Essen et al. (2012)] appear more pronounced in other
areas both within and outside the cingulate cortex. In addition,
when taking local folding patterns into account in our model,
the effect remains unchanged. We therefore find this explanation
of our results less likely. The agreements with our previous
WM-ERN finding and with recent ERN source localization studies
further strengthen our belief in the validity of the findings.

Similar to Westlye et al. (2009), we did not observe correlations
between brain measures and accuracy, in line with the sugges-
tion that ERPs may constitute an intermediate level linking
brain indices and behavior. Agam et al. (2011) did not report cor-
relations between structural indices and accuracy (only self-cor-
rection on error trials, a feature not part of the present paradigm),
and future studies should address this issue further.

Although 1) T;w and T,w intensity patterns have been shown
to mainly reflect myeloarchitecture (Eickhoff et al. 2005), 2) high-
resolution T;w images and myelin-stained sections of the same
tissue in marmosets accord closely (Bock et al. 2011), and 3)
T,w/T,w maps have been shown to correspond well with myelin
staining maps (Glasser and Van Essen 2011), the contrast mech-
anism underlying T;w/T,w maps is complex. Thus, the T;w and
T,w images probably reflect other microstructural factors in add-
ition to myelin. Further, the T;w/T,w maps do not reflect a quanti-
tative physical property (Glasser et al. 2014), but still demonstrate
similar local myeloarchitecture features as maps obtained using
quantitative T; imaging (Sereno et al. 2013).

In sum, the present result suggests that synchronous neural
activity reflecting error processing as measured by the electro-
physiological ERN component relates to interindividual vari-
ation in intracortical myelin as measured by T;w/T,w signal
intensity in the left dorsal posterior cingulate cortex. In add-
ition to the implications for our understanding of the neural
foundation for error processing and cognitive control per se,
the findings indicate that T;w/T,w mapping is a sensitive and
relevant tool that could be used to address a range of questions
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related to cognitive and neuropsychiatric deficits in various
populations.
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