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Impulsivity has been suggested as a neurocognitive endophenotype conferring risk across a number of neuropsychiatric

conditions, including substance and behavioural addictions, eating disorders, and attention deficit/hyperactivity disorder. We used
a paradigm with interspecies translation validity (the four-choice serial reaction time task, 4CSRTT) to assess ‘waiting’ impulsivity in a
youth sample (N =99, aged 16-26 years). We collected magnetization prepared two rapid acquisition gradient echo (MP2RAGE)
scans, which enabled us to measure R1, the longitudinal relaxation rate, a parameter closely related to tissue myelin content, as well
as quantify grey matter volume. We also assessed inhibitory control (commission errors) on a Go/NoGo task and measured
decisional impulsivity (delay discounting) using the Monetary Choice Questionnaire (MCQ). We found R1 of the bilateral ventral
putamen was negatively correlated with premature responding, the index of waiting impulsivity on the 4CSRTT. Heightened
impulsivity in youth was significantly and specifically associated with lower levels of myelination in the ventral putamen. Impulsivity
was not associated with grey matter volume. The association with myelination was specific to waiting impulsivity: R1 was not
associated with decisional impulsivity on the MCQ or inhibitory control on the Go/NoGo task. We report that heightened waiting
impulsivity, measured as premature responding on the 4CSRTT, is specifically associated with lower levels of ventral putaminal
myelination, measured using R1. This may represent a neural signature of vulnerability to diseases associated with excessive
impulsivity and demonstrates the added explanatory power of quantifying the mesoscopic organization of the human brain, over

and above macroscopic volumetric measurements.

Neuropsychopharmacology (2019) 44:1216-1223; https://doi.org/10.1038/541386-019-0343-6

INTRODUCTION

Adolescence and young adulthood is a biologically critical period,
marked by increased risk-taking and maturational changes in
cortical and subcortical systems that can confer vulnerability to
addiction [1]. Studying individual differences in this period is
essential to illuminate the natural variance in cognition and
neurodevelopment linked to the risk of psychopathology [2].
Here we investigate individual differences in a key dimensional
trait enhanced across a number of neuropsychiatric disorders:
impulsivity.

Sometimes a decision made in haste is adaptive, helping an
animal escape a potential predator or find food without delay; in
other cases, it is better to hesitate and decide only after careful
deliberation. Decisions made without hesitation can potentiate
maladaptive behaviours, such as seeking long-devalued rewards
(‘compulsivity’) or prematurely responding in anticipation of
reinforcement (‘impulsivity’). Impulsivity is defined as a trait
contributing to ‘actions that are poorly conceived, prematurely
expressed, unduly risky, or inappropriate to the situation, and

which often result in undesirable consequences’ [3, 4]. Although
most people occasionally act impulsively, excessive impulsivity has
a central role in several neuropsychiatric disorders, including
attention deficit hyperactivity disorder (ADHD), substance and
behavioural addictions, and affective disorders [5].

Its transdiagnostic relevance makes impulsivity a strong
candidate for a ‘neurocognitive endophenotype”: specific cogni-
tive and neural changes that confer vulnerability to a number of
psychiatric conditions [3]. This theory is strengthened by findings
from human and animal studies that heightened impulsivity is a
risk factor for later drug and behavioural addiction [6, 7], and
present in biological relatives of drug users [8]. The mechanism of
this association is not entirely known, but one proposal is that
impulsivity confers a tendency to over-rely on habit learning and
this increased habit formation heightens the risk for compulsive
drug-taking behaviour [6, 9].

Impulsivity is heterogeneous, consisting of multiple subtypes
characterized by distinct but overlapping neurobiological
mechanisms [6, 10]. Impulsivity can be broadly subdivided into
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motoric and decisional forms. Waiting impulsivity or premature
responding is a form of motor impulsivity classically measured in
animals using the five-choice serial reaction time task (5CSRTT),
in which a rodent must respond to brief light cues using nose
pokes in one of five apertures [11]. Nose pokes that occur before a
light cue (i.e., when the animal does not yet know where to nose
poke to receive a reward) are considered premature responses
and are punished by a time-out from reinforcement [12]. Rats with
a consistent tendency to respond prematurely on the task tend
to escalate cocaine self-administration and show other signs of
risk for compulsive drug taking [6]. We have recently introduced
a human version of the 5CSRTT, the four-choice serial reaction
time task (4CSRTT) [12], in which we have shown premature
responding (here, releasing the space bar before any cue has
been presented) is heightened in a transdiagnostic sample of
substance abusers (alcohol- and methamphetamine-dependent
patients, cannabis users, and smokers) [12].

Converging human and animal findings suggest impulsivity is
subserved by disruptions in limbic and frontrostriatal circuitry [13].
Waiting impulsivity in particular is associated with ventral striatal
alterations, with enhanced impulsivity associated with lower
ventral striatal D2/3 receptors, conferring an increased risk of
transition to habitual cocaine behaviours [14], reduced ventral
striatal grey matter density, as well as corresponding reductions in
markers of dendritic spines and microtubules [15]. Conversely,
ventral striatal lesions attenuate amphetamine-induced increases
in premature responding in rats [16]. Similar networks are involved
in human premature responding, which is associated with lower
resting state functional connectivity of the subthalamic nucleus,
ventral striatum, and subgenual cingulate cortex [17], and also
associated with increased activity in regions implicated in reward
valuation, implying a shift away from higher-level motor prepara-
tion and towards compulsivity [18].

A number of studies have revealed associations between
impulsivity and grey matter volume (GMV) [19-23]; however,
few human studies have focused on the relationship between
brain microstructure and impulsivity, despite recent advances
in magnetic resonance imaging (MRI) (in one exception, lower
mean diffusivity of the putamen, a white matter microstructural
measure, was associated with greater impulsivity in past and
current methamphetamine users [24]). An important microstruc-
tural element of the brain is myelin content: myelin comprises the
multilaminar sheaths on axons in the central nervous system
formed by oligodendrocytes [25]. Using MRI, maps of relaxation
rates can be used to infer myelin content (or myeloarchitecture),
an example of in vivo histological techniques that have recently
gained popularity in the field [26-28]. These approaches have
revealed a relationship between microstructures of the brain (in
particular myeloarchitecture) and cognitive functions such as error
processing, pitch perception, and cognitive empathy (see ref. [26]
for a comprehensive review). In vivo imaging of myeloarchitecture
provides insight into local connectomics of the brain, reflecting
the density of intracortical connectivity (which could not be
described at the ‘macroscopic’ scale using classical neuroimaging
methods) [26, 29, 30].

Changes in local myelination are thought to be particularly
sensitive to brain maturation and plasticity [25]. One recent report
found differences in the inferior frontal cortex and insula
(measured with myelin-sensitivity magnetization transfer) were
associated with a questionnaire measure of impulsivity [31].
However, impulsivity assessed with questionnaire-based measures
does not seem to correlate with objective (task-based) measures
[32], implying the two may ultimately measure different constructs
and limiting the cross-species interpretation of this finding.

A key function of endophenotypes is in predicting vulnerability
to a future neuropsychiatric disorder [3]. As such, measuring
impulsivity in adolescence and young adulthood, and investigat-
ing its relationship with developing microarchitecture could reveal
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the biology mediating risk for substance and behavioural
addictions, ADHD, and other disorders marked by excessive
impulsivity, before a disorder is instantiated. In this study,
we investigate the relationship between brain microarchitecture
and impulsivity in a large youth sample (who completed the
4CSRTT, providing interspecies translational validity to our ‘wait-
ing’ impulsivity metric). We hypothesized that enhanced waiting
impulsivity would be associated with lower ventral striatal GMV
and myelination [15] in adolescents and young adults.

MATERIALS AND METHODS

Participants and procedure

These data are part of a larger study examining risk factors for
addictive behaviours in the Danish population (see previous
publication for detailed recruitment and full procedure, including
measures not reported in this manuscript [33]). We recruited
participants in two ways: using a nationally representative survey
conducted in 2014 by Statistics Denmark (3064 randomly selected
Danes aged 15-25 years) and via local advertisements. The
recruited sample included 109 adolescents and young adults (age
range 16-26 years), who were selected to have varying levels of
externalizing problems (EPs; measured with the YouthMap12
questionnaire [34]), to ensure our sample included participants
with an increased risk of problematic substance use [35-37]. Our
analysis included 99 participants (those with complete neuroima-
ging and behavioural datasets) and was made up of participants
with no EPs (N = 33), minimal EPs (N = 16), moderate EPs (N = 21),
and severe EPs (N = 29).

No participants met criteria for a current major psychiatric
disorder or criteria for past psychosis or bipolar disorder (as
assessed with the Mini International Neuropsychiatric Inventory
[38]), and none were currently prescribed psychotropic medica-
tion. With the exception of past psychotic and bipolar disorders,
only current symptoms were assessed; likewise, we assessed only
current use of psychotropic medications. All participants were
instructed to abstain from substances for at least 24 h before study
participation (with the exception of tobacco). No participants
included in the sample had a history of neurological conditions
or severe head trauma.

After the MRI scan, participants completed a computerized
version of the 4CSRTT (described below). Data collection took
place at the CFIN/MINDLab facilities at Aarhus University,
Denmark. The study was approved by the local ethics committee
and written consent was obtained before participation. If the
participant was under 18, parents also received information about
the study to ensure the adolescent’s consent was given under
parental supervision.

Behavioural measures

Serial reaction time task. We have previously described the
4CSRTT in detail [12] (see Fig. 1). Briefly, participants were seated
in a dimly lit room, wearing headphones for sound attenuation, in
front of a touchscreen computer. Participants were instructed to
press the space bar with their dominant index finger whenever
the cue (four empty boxes) appeared on the screen. After a
variable interval (2-10s), the target (a green circle) appeared
inside one of the boxes, remaining for 32-64ms. At the
appearance of the target, participants released the space bar to
touch inside the box where the target had appeared. Throughout,
participants were instructed to respond as quickly as possible. The
task consisted of four test blocks with monetary feedback (40 trials
each) and two baseline blocks without monetary feedback (20
trials each), which were completed before and after the first test
block. Baseline block performance (reaction times (RTs) and SDs)
was used to adjust monetary feedback amounts on the test
blocks: participants won the most money when test RTs were
faster than [baseline mean RT — 0.5SD] and lost an equivalent
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Fig. 1 The four-choice serial reaction time task. Participants
responded with their dominant finger on a space bar with the
onset of the cue (empty white boxes) and maintained their finger on
the space bar until the onset of the target (green circle), at which
point they clicked the box displaying the target. Premature
responses were defined as early releases of the space bar before
the onset of the green circle target

amount when responses were slower than [baseline mean RT +
1.5 SD] (with an intermediate win for RTs equal to [baseline mean
RT + 0.5 SD], and a small win for those within [baseline mean RT +
1.5 SD]). On trials with premature responses, participants won no
money. In test blocks, we also varied the duration and variability of
the cue-target interval and introduced a distractor to increase
premature responding. The task lasted 20 min in total.

The primary outcome measure was premature responding,
defined as a release of the space bar before the onset of the green
circle target.

The task was programmed in Visual Basic with Visual Studio
2005 and Microsoft.NET Framework 2.0 (Microsoft, Redmond,
Washington).

Delay discounting task. We also used the Monetary Choice
Questionnaire (MCQ) to measure delay discounting, an index of
decisional impulsivity [39]. Here, participants chose one of a pair
of monetary choices, each associated with a time delay (e.g.,
‘would you prefer $10 today, or $20 in 6 months?’). Responses to
the questionnaire were then fit to a hyperbolic temporal
discounting function by comparing choice preferences with
arrays of functions configured to each individual item [40]. This
enabled us to quantify discount rate (known as kappa, or k) for
each participant. Higher discount rates (k) correspond to more
impulsive monetary decision-making on this measure. The MCQ
was translated from English to Danish by two Danish researchers
with highly proficient English language abilities.

Go/NoGo task. Commission errors were measured using a
modified version of the Go/NoGo Task, modified from a previous
task [41], which we have described in detail elsewhere [42].
Participants were instructed to press the space bar when ‘Go’
signals were presented and withhold responding when ‘No-Go’
signals were presented. The Go/NoGo signals were the letters ‘P’
and ‘F’ (counterbalanced across participants, such that for some
participants ‘P’ was the Go signal and ‘F’ the NoGo signal and for
others ‘F’ was the go signal and ‘P’ the NoGo signal). The stimuli
were displayed randomly but with equal occurrence in one of the
four corners of the screen. Following ten practice trials,
participants completed the full task. ‘Go’ signals appeared in
80% of 400 trials, lasting ~8 min in total. Trials were presented in a
random order. Stimulus duration was 500 ms and the inter-trial
interval was a random interval between 100 and 200 ms where a
central fixation cross was displayed. If a participant missed the
500 ms deadline, a 300 ms error tone of 440 Hz was delivered
through the headphones accompanied by a visual feedback text
‘you were too slow’ presented for 500 ms.
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Our primary measure on this task was false alarms, measured as
commission errors (participant making a ‘Go’ response to a ‘No Go’
signal). Commission errors did not lead to any feedback, except in
the initial ten practice trials where a text stimulus (‘wrong’) was
presented after commission errors. The interface was custom
programmed in Python using PsychoPy (Version 1.81.0) [43].

Externalizing problems. We employed the YouthMap12 ques-
tionnaire [34], which includes six items measuring EPs, developed
for the purpose of predicting risk of substance abuse. Participants
were asked six questions, e.g., ‘to what extent were you/are you
and your friends troublemakers?’ Participants rated their agree-
ment with these statements and total scores were categorized
into one of five possible risk categories. See ref. [34] for a full
description of the questionnaire and its development.

Imaging acquisition and processing

A magnetization prepared two rapid acquisition gradient echoes
(MP2RAGE) sequence was used to acquire T1 and uniform-
contrast images [44]. The sequence was designed to estimate
unbiased tissue contrast and also provides an estimate of the
longitudinal relaxation time (T1), which is largely influenced by
myelin concentration [27, 28]. In line with previous studies, we
employed T1 as a quantitative in vivo marker for grey matter
myelination [26-28]. The approach of using R1 maps as a metric of
myelin concentration has been previously well-validated; there is
strong correspondence between R1 maps and histological post-
mortem myelin tissue-staining studies [45]. We validated our own
sample’s anatomical distribution of R1 by comparing it with three
previous studies; our R1 data showed a well-known intracortical
myelination pattern (i.e., dense intracortical myelination in primary
cortices; see Figure S1), as found in previous ex vivo and in vivo
data, including MP2RAGE imaging [28, 46, 47]. In addition, a
previous cross-sectional study (which included a young sample)
found significant increases of myelination in the subcortical
regions with age [48]; for this reason, we covaried for age in the
main analyses.

Images were acquired by Siemens Skyra 3-T MR system
(Erlangen, Germany) with following parameters: TE (time of
echo) =2.98 ms, TI1 (first time of inversion) = 700 ms, TI2 (second
time of inversion) =2500ms, FA1 (first flip angle) =4°, FA2
(second flip angle) =5° TR (time of repetition) = 5000 ms, voxel
size=1x1x1mm?>

Uniform-contrast (i.e, T1-weighted like) images were segmented
and spatially normalized using unified segmentation (30) in SPM12
(7219; https://www fil.ion.ucl.ac.uk/spm/). We confined our analysis to
grey matter by masking the longitudinal relaxation rate images
(R1=1/T1) with grey matter masks in native space. Next, we
nonlinearly transformed the images into Montreal Neurological
Institute (MNI) template space using the deformation field resulting
from the unified segmentation step, resampled at 1.5 mm isotropic
resolution. We then smoothed them with a 10 mm full-width at half-
maximum, three-dimensional isotropic Gaussian filter.

In addition to R1 maps, grey matter probability maps were
normalized to the MNI template space and modulated by
Jacobian determinant of the inverse deformation field to
incorporate global brain size variation across individuals, resulting
in GMV maps. The GMV maps were resampled and smoothed with
the same parameters described above for the R1 maps.

Statistical inference

To test the association between R1 and premature responding on
the 4CSRTT, we tested the following general linear model (GLM)
using Multiple Regression in SPM, including age, sex, and EP as
covariates:

R1 = PR + Age + Sex + EP + 1 + Error (1
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where PR is the premature response, EP is an integer encoding the
level of EP as: 1 =no EPs, 2 = minimal EPs, 3 = moderate EPs, 4 =
severe EPs, and error is a zero-mean unit-variance Gaussian error.

The inclusion of the demographic covariates was justified by
comparing Model 1 with a reduced model:

R1 = PR+ 1 + Error (2)

The F-contrast was computed from Model 1 testing the null
hypothesis that the coefficients of age, sex, and EP are all zero.

To test the association while controlling for other types of
impulsivity, we further covaried for delay discounting (k)
(quantifying decisional impulsivity on the MCQ) and response
inhibition, measured as commission errors on the Go/NoGo task:

R1 = PR+ Age + Sex + EP + k + CE + 1 + Error (3)

where k is the overall delay discount rate on the MCQ and CE is
the commisson error rate on the Go/NoGo task.

Whole-brain GLMs were conducted only for the 4CSRTT, in line
with our hypotheses about the specific translational relevance of
this task for impulsivity, with CE and k rates examined as possible
covariates. We defined significance as p < 0.05, using cluster-level
family-wise error rate correction based on random field theory
[49], as implemented in SPM12. The cluster forming threshold
was p = 0.005. The cluster extent threshold was determined based
on the data as the smallest volume of a cluster with corrected
significance below p =0.05; this was found to be 2181 voxels
(7361 mm?). We restrained the signal space to grey matter to
match the processed images.

We used an identical approach to test the association between
GMV and premature responding on the 4CSRTT.

Power analysis

We calculated that we would require 89 participants to have 95%
power to detect a medium effect size of # =0.15 (a = 0.05, two-
tailed; calculated in GPower 3.1.9.2, model: Linear multiple
regression); a medium effect size seemed reasonable given
previous associations between myeolarchitecture and cognition
described in a comparatively smaller sample size [28].

RESULTS

Demographic and behavioural measures

Descriptive statistics of the demographic and behavioural mea-
sures, and their multicollinearity diagnosis scores [50] obtained
using MATLAB implementation (https://github.com/brian-lau/
colldiag) are presented in Table 1. There was a significant
correlation between gender and EP (r = — 0.24, p = 0.02). However,
no indication of multicollinearity was found: variance inflation
factors (describing the explained variance by all the other
variables) of all variables were < 1.2, well-below a threshold of 5,
and the largest condition index (an index of near-dependency
of each eigenvariate) was 8.15, also well-below a threshold of 30.

Association between GMV and premature responding

We first tested the association between GMV and premature
responding on the 4CSRTT. There were no significant findings that
survived cluster-level random field theory correction (all p > 0.05).
Thus, the subsequent results focus on R1.

Association between R1 and premature responding

We first tested for normality of the residual (i.e., noise) distribution
of our data using Lilliefors’ test; no voxel was found, which
significantly deviated from the normal distribution (min p=0.15,
false discovery rate adjusted). Therefore, no transformation was
applied to the R1 measure. (Data were acquired from unrelated
individuals; thus, noise in the data can also be assumed to be
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independent.) Thus, the data met all assumptions of GLM, allowing
us to compare between different models with various terms.

GLM results are presented in Table 2. For Model 1, we found a
significant negative correlation between R1 in the left ventral
putamen (7194] =4.13, p =0.035, cluster-level corrected) when
covarying for age, sex, and EP (Fig. 2a, b). That is, the more an
individual made premature responses, the lower the longitudinal
relaxation rate (R1) in the left putamen. The set of covariates (age,
sex, and EP) as a whole effectively increased explained variance
(F[3,941=13.17, p=0.0001, cluster-level corrected) bilaterally
across ventral and dorsal striatum and the brain stem (Fig. 2c).

When controlling for other behavioural measures of inhibi-
tory control (i.e., Model 2, which included k, measured with the
delay discounting task and commission errors, measured using
the Go/NoGo task), we found a negative correlation between
R1 and premature responding in the bilateral ventral putamen
(left, T[92] =4.21, p=0.007; right, T[92] =4.07, p=0.010,
cluster-level corrected; Fig. 2 a, b, c). This association was
specific to premature responding: there was no association
between other measures of inhibitory control (k; commission
errors) and R1 in any region, including the bilateral putamina
(k: p > 0.99; commission errors: p >0.12, cluster-level corrected;
Fig. 3 d-q).

Exploratory analysis of covariates

We next explored the influence of various sets of covariates on the
estimated effect of the premature response and its significance.
We tested nested GLMs with covariates of all possible combina-
tions:

R1 = PR+ 1+ Error
R1 = PR + Age + 1 + Error
R1 = PR + Sex + 1 + Error

R1 = PR+ EP + 1 + Error

R1 = PR + Age + Sex + 1 + Error

R1 = PR + Age + EP + 1 + Error

R1 = PR + Age + Sex + EP + k + CE + 1 + Error

Across all sets of covariates, the effect of premature response
was significant (p <0.0016) (see Supplementary Information,
Table S1 for full results).

DISCUSSION

We demonstrate a strong and specific relationship between
‘waiting’ impulsivity and decreased myelination of the ventral
putamen in a relatively large adolescent and young adult
population sample. We measured impulsivity using a computer
paradigm, which has previously been used to demonstrate
heightened premature responding across multiple substance-use
dependencies [12], whereas myelin content was quantified using
the R1 measure from MP2RAGE anatomical images, which is
strongly related to myelin content [26]. These findings reveal a
potential myeloarchitectural substrate of premature responding in
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young adulthood: decreased putaminal myelination. In combina-
tion with longitudinal work and studies exploring other aspects of
impulsivity, this work is a step towards a fuller understanding
of how microstructure of the brain contributes to individual
differences in impulsive behaviour.

Impulsivity has been suggested as an endophenotype confer-
ring risk for multiple neuropsychiatric disorders, including addic-
tions and ADHD [3, 5]. Greater impulsivity, as measured with the
human 4CSRTT, the rat 5CSRTT, and (human) self-report scales
(UPPS-P), is highly associated with addiction-related behaviours
[12, 33, 51]. However, impulsivity is multidimensional: the 4CSRTT
does not necessarily measure the same construct as the UPPS-P

Table 1. Summary of demographic and behavioural measurements
Variables Age Gender EP PR k CE
[years] [female
proportion]
(1) Descriptive statistics
Mean 21.69 0.30 2.51 1471  0.009 0.49
Std. 2.69 - 1.29 1264 0.017 0.17
Skewness 2.69 - 0.16 1264 0.01 0.17
Kurtosis ~ 2.11 - 1.65 4.13 27.18 266
(2) Pearson’s correlation (p-value)
Age —0.16 (0.12) 0.04 0.02 —0.12 —-0.20
(0.67) (0.81) (0.23) (0.05)
Gender —0.24 022 —0.05 0.16
(0.02) (0.31) (0.65) (0.13)
EP 0.08 —-0.18 —0.17
(0.41) (0.08) (0.08)
PR 0.04 0.18
(0.71)  (0.07)
k 0.03
(0.73)
(3) Multicollinearity diagnosis scores
VIF 1.1 1.2 1.1 1.1 1.0 1.1
CE commission error rate on the Go/NoGo task, EP externalizing problems,
k overall delay discount, PR premature response score, VIF variance inflation
factor

Impulsive Behaviour Scale, temporal discounting paradigms, or
the stop-signal task.

In keeping with this, different measures of impulsivity do not
always correlate well with one another and even dissociate in
certain situations [5]. This makes it less surprising that the
relationship between ventral putaminal myelination and waiting
impulsivity was so specific: one might have initially expected a
more general association with the related measures we included
(i.e., decisional impulsivity, assessed with the MCQ, and inhibitory
control, assessed with the Go/NoGo task). However, a key finding
from animal and human studies is that impulsivity subtypes are
to some degree neurally dissociable [6, 10]. Therefore, one
possibility is that ventral putaminal myelination is only associated
with this specific subtype of impulsivity (waiting). Given that
impulsivity assessed with questionnaire measures (here, the MCQ)
often does not correlate with task-based measures of impulsivity
[32], it is also possible that this difference in assessment
contributed to the specificity of our finding.

The key facet of impulsivity measured by the 4CSRTT is ‘waiting’
impulsivity, a construct shown to be crucial to the development of
compulsive drug taking in rodents in a seminal paper (although
novelty-seeking was essential for the propensity to initiate
drug self-administration) [51]. This underlines the importance of
measuring ‘waiting’ impulsivity (with a translational task from
the animal literature) in a young population to illuminate neural
correlates of risk for substance abuse. Previously, heightened
premature responding on the 4CSRTT was associated with blunted
functional connectivity between the ventral striatum and bilateral
subgenual cingulate cortex (and between the ventral striatum and
subthalamic nucleus), consistent with rodent findings using the
5CSRTT [17, 52]. This network has typically appeared relatively
distinct from those regions involved in ‘stopping’ impulsivity in
rodents [53] and humans [17], which tend to be more dorsal.

Our findings were demonstrated using a whole-brain data-
driven approach and, critically, are consistent with specific
hypotheses from the rodent and human literature [15]. In the
context of these findings, our report of decreased ventral putaminal
myelination is more dorsal and posterior than the ventral striatum
(although our result is located in the ventral putamen). However,
few structural (and no microstructural) MRI measures have been
associated with premature responding in humans, and volumetric
changes in the putamen are very frequently implicated in risk for
and current addictive disorders [54-56]. A previous voxel-based
morphometry analysis reported lack of premeditation (a cognitive

Table 2. GLM results

Cluster location Effect size® T- or F-statistic V4

Cluster-level p Extent [voxel] Peak MNI-coordinate

X [mm] Y [mm] Z [mm]
GLM 1: Premature responding effect, covarying for age, sex, and EP
Left putamen —1.08x1073 —-4.13 —3.95 0.035 2181 —28 10 —-12
Effect of covariate terms (age, sex, and EP) (GLM 1 vs. 2)
Basal ganglia/brain stem 0.0147 13.17 4.99 0.0001 18447 -4 —-13 —-13
Precentral gyrus 0.0423 10.08 4.31 0.035 1437 -3 —22 74
Occipital fusiform gyrus 0.0916 9.36 4.3 0.031 1478 26 — 82 -8
GLM 3: Premature responding effect, covarying for age, sex, and EP, k, and CE
Left putamen —809%x10°* —4.21 —4.01 0.007 3074 —28 -7 -8
Right putamen —843x107* —4.07 —3.89 0.010 2904 28 -8 -10

the T-contrasts

Results from the general linear model (GLM) testing the relationship between premature responding and R1 (longitudinal relaxation rate) in the left and right
putamen. GLM 1 includes age, sex, and EP as covariates; GLM 2 does not include these covariates; GLM 3 includes the covariates of GLM 1, plus a measure of
delay discounting (k) and commission error rate (CE). Cluster location was identified based on Harvard-Oxford Subcortical Atlas in FSL (https://fsl.fmrib.ox.ac.
uk/). ®°Note here that effect sizes are contrast estimates, which are weighted sums of individual B-coefficients for the F-contrast and individual B-coefficients for

SPRINGERNATURE

Neuropsychopharmacology (2019) 44:1216-1223


https://fsl.fmrib.ox.ac.uk/
https://fsl.fmrib.ox.ac.uk/

(A) Premature response effect on R1: GLM(1)

The myeloarchitecture of impulsivity: premature responding in youth is...
C L Nord et al.

(B) Left putamen

_ T(94) = -4.13, clus-p = 0.035

Fig. 2 The relationship between premature responding and longitudinal relaxation rate (R1). a The image shows the regression analysis of
premature responding and R1 covaried with age, gender, and externalizing problems. T-statistic maps (degrees of freedom = 94) thresholded
by height (|T] > 2.63) and extent (> 2180 voxels), showing voxels surviving cluster-level family-wise error correction (p < 0.05). b A scatter plot
of R1 adjusted for demographic covariates over premature response scores at the peak voxel in the left putamen is given with a linear
regression line. ¢ The image shows the difference between the GLMs of premature responding and R1 with and without covariates of age,

gender, and externalizing problems

(A) Premature response effect on R1: GLM(3)

D) Left putamen

T(92) = 0.484, unc-p = 0.63

(E) Right putamen

T(92) = 0.869, unc-p = 0.39

0.6

Adjusted R1 [1/s]
Adjusted R1 [1/s]

0.1 0.15
Delay discount (k)

0.05 0.1
Delay discount (k)

B) Left putamen

(C) Right putamen

~ T(92) = -4.21, clus-p = 0.007 0.6 T(92) = -3.96, clus-p = 0.010

Adjusted R1 [1/s]

40 60

Premature response Premature response

(F) Left putamen (G) Right putamen

T(92) = 0.818, unc-p = 0.42 T(92) = 0.914, unc-p = 0.36

0.6

Adjusted R1 [1/s]
Adjusted R1 [1/s]

0.4
0 0.5 1 0 0.5 1

Commission error rate (CE) Commission error rate (CE)

Fig. 3 The relationship between premature responding and longitudinal relaxation rate (R1). a T-statistic maps (degrees of freedom = 92)
thresholded by height (|7] > 2.63) and extent (> 2903 voxels), showing voxels surviving cluster-level family-wise error correction (p < 0.05).
b-g Scatter plots of R1 adjusted for covariates over premature response scores at the peak voxel in the left putamen (with a linear

regression line)

process related to premature responding) was associated with
increased GMV of the putamen in cocaine users [54]; putamen
volume itself is 9% larger in cocaine-dependent individuals [55].
Indeed, an earlier study reported putaminal white matter integrity
(decreased mean diffusivity) was associated with heightened
impulsivity in both current and past methamphetamine users [24].
These findings support a role for putaminal changes as an
endophenotype mediating vulnerability for drug addiction; a key
study also reported enlargement of the putamen in both stimulant-
dependent individuals and their first-degree relatives [56]. Although

Neuropsychopharmacology (2019) 44:1216-1223

these studies all investigate macrostructural alterations, increased
myelination has been suggested as a likely candidate for decreases
in grey matter and increases in white matter observed in adolescent
brain development [57]. Therefore, our report of decreased
myelination in adolescents and young adults with heightened
premature responding could be consistent with previous reports of
increased putamen grey matter in adult substance-dependent and
at-risk populations [54-56]. We did not observe any relationship
between ventral striatal GMV and premature responding. Given the
wealth of studies showing associations between cortical and

SPRINGER NATURE

1221



The myeloarchitecture of impulsivity: premature responding in youth is...
CL Nord et al.

subcortical GMV and impulsivity [19-23], this is unexpected;
however, this might be a function of our sample age (youth) as
well as the relative novelty of our task in humans (4CSRTT).
Potentially, grey matter myelination may reflect a more subtle and
perhaps earlier biomarker for longer term macrostructural volu-
metric effects. A longitudinal study is essential to test this possibility.

It is also likely that microstructural changes in the putamen
interact with the dopamine system to affect impulsive behaviour.
High waiting impulsivity in rodents is characterized by lower
ventral striatal D2/3 receptors [14]. The putamen is also a major
site of dopamine receptor 2 binding, which is thought to mediate
the reinforcing effects of psychostimulants [5]; impulsivity
(measured by self-report on the Barett Impulsivity Scale) predicts
dopamine receptor binding in the putamen, which is reflective of
dopamine transporter availability [58]. Moreover, dopamine has
been suggested to have a role in oligodendrocyte differentiation
and potentially myelin formation by mature oligodendrocytes
[59]. Aberrant dopamine action on oligodendrocytes has even
been suggested as a common pathological mechanism across a
number of psychiatric disorders, including substance dependence
[60]. It is unclear whether myelin abnormalities induce dopami-
nergic dysfunction, vice versa, or both: although dysfunctional
dopamine system activity can affect oligodendrocytes, myelin
abnormalities (conferred through genetic risk) may also be a
causative factor for dopamine dysfunction [60]. In either case,
the mechanism by which disrupted myelination in the
ventral putamen during development manifests as heightened
premature responding may involve related changes in the
dopamine system.

LIMITATIONS

An important limitation of our finding is our cross-sectional
design: a longitudinal study tracking the same adolescents from
late childhood through young adulthood could reveal how these
myeloarchitectural measures change over time and how that
relates to developmental trajectory of impulsive behaviour.
However, it is noteworthy that the age we sample at is also a
key advantage, as we recruited only people without existing
substance-use disorders, some of whom will likely go on to
develop one in future. In our sample, family history of psychiatric
conditions was not assessed. In future, it will be essential to test
whether a family history of substance-use disorders mediates this
reported association between heightened waiting impulsivity
and lower putaminal myelination in youth. One possibility is that
a genetic risk for substance use contributes to myelination
differences in the putamen (and other endophenotypic neural
changes), behaviourally conferring heightened waiting impulsiv-
ity, and increasing risk for substance abuse in future, but this
hypothetical relationship should be tested.

In addition, longitudinal relaxation rate is largely, but not
exclusively, influenced by myelin content; therefore, other factors
affecting longitudinal relaxation rate, such as iron accumulation, or
dilation of the perivascular space could have had an (albeit
smaller) contribution to our results [61, 62]. A further possible
limitation is that we did not separately assess the potential validity
of the Danish version of the MCQ; however, we believe this is
unlikely to substantially affect our results, as the nature of the
MCQ is such that every question is just a choice between two
numerical values (indeed, previous studies have employed
Spanish, Dutch, and Bulgarian versions without separate valida-
tion, presumably with a similar rationale [63-65]).

Lastly, our participants performed the 4CSRTT outside the
scanner; we were therefore unable to measure brain activation
associated with premature responding, which would be very
useful in future work investigating similar adolescent/young adult
samples. Optimally, our work would also be extended to a rodent
population, capitalizing on the translational nature of the 4CSRTT/

SPRINGERNATURE

5CSRTT task and enabling anatomically precise measures of
neurotransmitter release to examine the relationship between
myelination and dopaminergic activity in the putamen associated
with premature responding.

CONCLUSIONS

The interpretation of our findings could have important implications
for understanding the neurodevelopmental processes that confer
risk for disorders involving heightened impulsivity. We describe
microstructural alterations in the myeloarchitecture of the ventral
putamen that are specifically associated with premature responding,
a key measure of ‘waiting’ impulsivity. This provides a putative
mechanism describing how structural reorganization in adolescence
could confer risk for impulsivity-related disorders via the same
circuits implicated in adult humans, as well as rodent models. Our
findings emphasize the potential role of microstructural measures
as biomarkers of impulsive behaviour in health and disease. The
authors declare no competing interests.
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