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Abstract
It remains unclear if previously reported structural abnormalities in children with ADHD are present in adulthood regardless
of clinical outcome. In this study, we examined the extent to which focal—rather than diffuse—abnormalities in fiber
collinearity of 18 major white matter tracts could distinguish 126 adults with rigorously diagnosed childhood ADHD
(ADHD; mean age [SD]= 34.3 [3.6] years; F/M= 12/114) from 58 adults without ADHD histories (non-ADHD; mean age
[SD]= 33.9 [4.1] years; F/M= 5/53) and if any of these abnormalities were greater for those with persisting ADHD
symptomatology. To this end, a tract profile approach was used. After accounting for age, sex, handedness, and
comorbidities, a MANCOVA revealed a main effect of group (ADHD < non-ADHD; F[18,155]= 2.1; p= 0.007) on fractional
anisotropy (FA, a measure of fiber collinearity and/or integrity), in focal portions of white matter tracts involved in
visuospatial processing and memory (i.e., anterior portion of the left inferior longitudinal fasciculus, and middle portion of
the left and right cingulum angular bundle). Only abnormalities in the anterior portion of the left inferior longitudinal
fasciculus distinguished probands with persisting versus desisting ADHD symptomatology, suggesting that abnormalities in
the cingulum angular bundle might reflect “scarring” effects of childhood ADHD. To our knowledge, this is the first study
using a tract profile approach to identify focal or widespread structural abnormalities in adults with ADHD rigorously
diagnosed in childhood.

Introduction

Attention deficit/hyperactivity disorder (ADHD) is the most
common neurodevelopmental disorder of childhood with an

estimated prevalence of 6.5% worldwide [1]. ADHD is
defined by inattention and/or hyperactivity and impulsivity
that is inappropriate to the developmental stage and inter-
feres with the individual’s functioning [2]. The hyperactive/
impulsive symptoms tend to decline over time while inat-
tentive symptoms often persist, even in those who in
adulthood remit from full ADHD diagnosis [3]. Persistence
of ADHD symptoms and impairment into adulthood is
common with prior research reporting a range of 30–75%
[4–6]. Variations in these ADHD persistence estimates are
partly due to how and by whom the symptoms were
assessed. Research has shown the importance of including
informant report to describe ADHD symptom persistence in
adults followed since childhood given underreporting by
individuals with ADHD [5, 7].

The neurobiological mechanisms underpinning ADHD
and the neurobiological signature of the illness in adults
with persisting ADHD symptomatology, and in those
whose symptoms decline over time, have been a focus of
research over the past 20 years. From this research has
emerged a theory of neurodevelopmental (frontoparietal
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cortical) delay in ADHD [8–16]. Although children with
persisting ADHD symptomatology into their early 20s
exhibited thinner frontoparietal cortices than typically
developing individuals, children whose symptoms remitted
had less cortical thinning over time and converged with the
typically developing group. Another study found [11] that
improvements in hyperactive/impulsive symptoms were
associated with increased functional connectivity within the
executive control network in adolescence [16].

Yet, the role of structural (white matter) connectivity in
ADHD remains controversial [17–20]. Only four studies
have been conducted in adults with ADHD [21–24]. Three
showed similar abnormalities in the sagittal stratum [21, 24]
and in the posterior portion of the corpus callosum [22].
Only one of these studies was prospective from childhood
diagnosis and white matter abnormalities were independent
of ADHD symptom persistence [25], suggesting that these
abnormalities might persist in adulthood, regardless of
ADHD symptom persistence. However, some of these stu-
dies included relatively small samples (n= 51, 37, 29,
respectively), and most of them used sequences with low
angular resolution, out-of-date correcting procedures [17],
and/or voxel-based or tract-based spatial statistics approa-
ches, which have been criticized for having limited anato-
mical relevance for structural connectivity [26, 27].
Tractographic algorithms are a promising alternative as they
provide fiber reconstruction and accurate estimates of dif-
fusion imaging properties in tracts of interest. To our
knowledge, only one study including 32 adults with per-
sisting and 43 adults with desisting ADHD symptoms (and
74 unaffected adults) used tractography to examine if
abnormal collinearity in major white matter tracts could
help explain ADHD outcome in adulthood. In this study,
Shaw et al. showed that lower collinearity of the fibers in
white matter tracts implicated in visuospatial attention and
emotion regulation processing was associated with persist-
ing ADHD symptoms in adulthood [25]. More recently,
several diffusion imaging toolboxes [28–31] have been
including tract-profiling methods to characterize micro-
structural properties along the entire tract rather than simply
averaging these measures across the tract. Tract profiles
have the advantage of more precisely quantifying the degree
of abnormality (focal vs. widespread) in a particular tract.

In the present study, we employed state-of-the-art dif-
fusion imaging protocols in a large sample of adults with a
well-documented childhood diagnosis of ADHD to (1)
identify neural correlates of a childhood ADHD diagnosis
in adulthood using tractographic algorithms, and (2)
examine to what extent tract abnormalities are associated
with ADHD symptom outcomes (desistence vs. persistence)
in adulthood. Specifically, using a high angular multishell
diffusion imaging sequence, global probabilistic tracto-
graphy and tract profiles, we hypothesized that adults with

childhood ADHD would show low collinearity of the fibers
in white matter tracts previously reported to be abnormal in
ADHD (white matter tracts implicated in visuospatial
attention, cognitive control, and emotion regulation). Based
on previous tractographic evidence [25], we also hypothe-
sized that adults with persisting, in comparison to those with
desisting, ADHD symptomatology would show greater
abnormalities in major white matter tracts implicated in
visuospatial attention. To test these hypotheses, we lever-
aged the Pittsburgh ADHD Longitudinal Study (PALS),
which consists of a large sample of children rigorously
diagnosed with ADHD and followed clinically into early
adulthood, alongside a demographically similar comparison
group of individuals without ADHD histories [32]. The
sample provided an important opportunity to test our
hypotheses in adults with research quality diagnoses in
childhood and in adulthood, including assessment of
comorbidities and multi-informant report of ADHD symp-
tom persistence in adulthood.

Methods

Participants

The study was approved by the University of Pittsburgh
Institutional Review Boards and written informed consent
was obtained from all participants. One hundred and ninety-
six adults (age range= 27–44 years) including 136 adults
with a childhood diagnosis of ADHD (ADHD) and 60
adults without ADHD histories (non-ADHD) were recruited
from the PALS sample (n= 601; 374 ADHD, 227 non-
ADHD) between June 2015 and January 2019 (character-
istics of the PALS sample are described in the Supplemental
Materials). Current substance dependence was exclusionary
for both groups. Recruited participants completed a neu-
roimaging assessment and various questionnaires; an addi-
tional informant (usually mothers) also provided symptom
severity ratings for 80.4% of participants. Characteristics of
the final sample are reported in Table 1 and exclusion cri-
teria are detailed in the consort diagram (Supplementary
Fig. 1).

Clinical assessment

ADHD symptom persistence was assessed with the Barkley
Adult ADHD Rating Scale-IV (18-item; item responses
0–3) [33]. Following published procedures [34], symptoms
were counted as present if endorsed as 2 or 3 by self- or
informant-report. Consistent with DSM-5 [2], if five or
more symptoms of inattention or impulsivity-hyperactivity
were present, symptom persistence was coded as present
(26% of the participating ADHD group). Continuous
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symptom severity scores for inattention and hyperactivity-
impulsivity were also calculated as the mean of symptom
ratings for each dimension, taking for each item the higher
response endorsed across self- and informant-report.

Other lifetime Axis-I diagnoses were assessed using the
Structured Clinical Interview for DSM-IV-TR, Nonpatient
Edition. To assess association with current depression and
anxiety symptoms, scores were used from the self-reported
Center for Epidemiologic Studies—Depression (CES-D;
20-item) [35–37] and the State-Trait Anxiety Inventory
(STAI; 20-item) [38], respectively.

Estimates of subjects’ general cognitive ability were
generated from the Vocabulary and Matrix reasoning
subtests of the Wechsler Abbreviated Scale of Intelligence
[39, 40].

Data analysis

Neuroimaging

Images were acquired on a 3T Siemens Magnetom Prisma
(27 ADHD and 25 non-ADHD) and a 3T Siemens Mag-
netom Trio (99 ADHD and 33 non-ADHD) at the Magnetic
Resonance Research Center, University of Pittsburgh
Medical Center Health System, USA. Neuroimaging
acquisition, preprocessing and harmonization of the neu-
roimaging data across the scanners are described in
the Supplementary Materials and Supplementary Table 1.

Mean translation and rotation estimates for each subject
were estimated to test if there was a main effect of move-
ment on neuroimaging measures of interest. Eighteen major

Table 1 Between-group
differences in demographic and
clinical variables.

Variables Group N Mean [SD] df P (two-tailed)

Age (years) ADHD 126 34.3 [3.6] 183 0.389

non-ADHD 58 33.9 [4.1]

Sex (F/M) ADHD 13/113 – 1 0.719

non-ADHD 5/53 –

Hand dominance (R/L) ADHD 105/21 – 1 0. 420

non-ADHD 51/7 –

Scanner (Trio/prisma)a ADHD 99/27 – 1 0.002

non-ADHD 33/25 –

Education (lower/higherb) ADHD 89/37 – 1 <0.001

non-ADHD 18/40 –

IQ estimate (WASI-II) ADHD 126 100.1 [14.9] 182 <0.001

non-ADHD 58 110.2 [13.2]

Depressive symptoms (CES-D) ADHD 124 0.6 [0.5] 177 0.016

non-ADHD 55 0.4 [0.4]

Anxiety symptoms (STAI-STATE) ADHD 125 33.1 [9.3] 181 0.025

non-ADHD 58 29.9 [8.2]

Anxiety symptoms (STAI-TRAIT) ADHD 126 39.7 [11.2] 182 0.001

non-ADHD 58 34.0 [9.9]

Lifetime mood/anxiety disorders (No/yes) ADHD 67/59 – 1 0.177

non-ADHD 37/21 –

Lifetime marijuana use disorders ADHD 65/10/20/27 – 3 0.641

(No/mild/moderate/severe) non-ADHD 31/7/11/9 –

Lifetime alcohol use disorders ADHD 48/23/16/39 – 3 0.146

(No/mild/moderate/severe) non-ADHD 15/16/12/15 –

Stimulants at scan ADHD 4/122 – –

(No/yes) non-ADHD – – –

Bold values indicate statistical significance p < 0.05.

WASI-II Wechsler abbreviated scale of intelligence, BAARS-IV Barkley Adult ADHD Rating Scale-IV, CES-
D Center for epidemiologic studies—depression, STAI state-trait anxiety inventory, UPPS-P PPS impulsive
behavior scale.
aA ComBat approach was used to make the scanner effect negligible in all analyses.
bEducation levels are higher education (i.e., college diploma/Bachelor’s degree, graduate or professional
degree) and lower education (i.e., partial high school, high school diploma or general equivalency degree,
unfinished college, technical school or associates degree).
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white matter tracts (left/right corticospinal spinal tract,
anterior thalamic radiation, cingulum bundle, cingulum
angular bundle, superior longitudinal fasciculus, arcuate
fasciculus, inferior longitudinal fasciculus, uncinate fasci-
culus, and the two major interhemispheric bundles of the
corpus callosum: forceps minor and forceps major) were
reconstructed using a triple-tensor model of global prob-
abilistic tractography [41] in TRActs Constrained by
UnderLying Anatomy [31]. After quality control (see Sup-
plementary Materials), fractional anisotropy (FA, a measure
of fiber collinearity and/or integrity) maps were derived
from the b= 1000 shell using dtifit. Finally, overall mean
FA and nodal FA values were extracted to depict the col-
linearity of the fibers across (mean) and along (tract profile)
the entire tract, for each tract. As noted above, tract profiles
(100 nodes) were used to quantify whether abnormalities in
tracts of interest were focal (e.g., in proximity of the cortex
or more central to the core of the tract) or widespread.

Statistical approach

Demographic, clinical, and diffusion imaging measures
were imported into SPSS(v25). Given the known effect of
age [42–44], sex [45], and handedness [46] on white matter,
these variables were covariates in all main analyses. Life-
time mood and/or anxiety, marijuana use, and alcohol use
disorders comorbidity, prevalent comorbidities in this
sample, were included as covariates in all main analyses.

To test our main hypotheses, the following analytic
approach was adopted. A false discovery rate (FDR; R
package) [47, 48] of p < 0.05 was used to account for
multiple comparisons in each analysis.

Level-1 analyses Using multivariate analyses of covariance
(MANCOVA), we examined whether there was a main
effect of group (ADHD/non-ADHD) for the mean FA of all
18 white matter tracts. Follow-up analyses included 18
univariate ANCOVAs to identify which tract differed
between the groups and nodal FA analyses (tract profile;
n= 100 nodes) to identify which portion of the tract
accounted for those differences. Here, the cluster-forming
threshold was set to ten contiguous nodes and FDR p <
0.05. Mean FA in node clusters was derived and used in
subsequent analyses.

Level-2 analyses: ADHD persistence Using a MANCOVA,
we examined whether there was a main effect of group
(ADHD-persisters, ADHD-desisters, non-ADHD) for the
mean FA of node cluster(s) identified in the level-1 ana-
lyses. Follow-up analyses included univariate ANCOVA(s)
to identify which cluster differed between the three groups.
In ADHD-persisters and ADHD-desisters only, parallel

analyses examined the relations between mean FA in node

clusters and continuous dimensions of inattention and
hyperactivity-impulsivity symptoms.

Exploratory analyses To explore whether the severity of
mood and anxiety symptoms at the time of scan related to
FA, we computed Pearson correlations between current
symptom severity of depression (CES-D) and anxiety
(STAI) and mean FA of node clusters.
To aid interpretation of main FA findings, mean axial and

radial diffusivity were extracted in node clusters identified
in level-2 analyses.

Results

Demographic and clinical characteristics

There were no differences in age, sex, race, ethnicity, and
left-right handedness ratio between the ADHD and non-
ADHD groups. As expected, adults in the ADHD group had
fewer years of education and lower IQ estimates. They also
had higher depression symptom scores and state and trait
anxiety scores (Table 1). For demographic and clinical
characteristics in ADHD-persisters and ADHD-desisters,
see Supplementary Table 2.

Neuroimaging

There was no effect of movement in our neuroimaging
measures of interest (Supplementary Table 3A).

Given the existing difference in education and IQ esti-
mates between ADHD and non-ADHD, before testing our
main hypotheses, we determined if there was an overall
effect of these variables on FA (i.e., mean FA of 18 white
matter tract). Findings were not significant (see Supple-
mental Table 3B-C) and therefore these variables were not
used as covariates in the analyses.

Level-1 analyses

After accounting for the effects of age, sex, left-right
handedness ratio, lifetime comorbidity (mood/anxiety and
substance use disorders) there was a significant main
effect of group (Two levels: ADHD, non-ADHD) (Wilks’
lambda= 0.802; F[18,155]= 2.1; p= 0.007) on FA across all
18 tracts (Table 2).

Follow-up analyses revealed that group differences were
in the inferior longitudinal fasciculus (left: F[1,183]= 7.0;
p= 0.009; right: F[1,183]= 8.4; p= 0.004) and cingulum
angular bundle (left: F[1,183]= 7.8; p= 0.006; right:
F[1,183]= 7.6; p= 0.007) (Table 2).

Tract profile analyses in these four tracts showed that,
compared to adults in the non-ADHD group, the adults in
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the ADHD group had lower FA in the anterior portion of
the left inferior longitudinal fasciculus (ADHD < non-
ADHD: k= 16 consecutive nodes; F[1,184]= 9.1; p= 0.003;
FDR-corrected p= 0.038), in the middle portion of
the left cingulum angular bundle (ADHD < non-ADHD:
k = 19 consecutive nodes; F[1,184]= 7.2; p= 0.003; FDR-
corrected p= 0.022), and in the middle portion of the right
cingulum angular bundle (ADHD < non-ADHD: k= 24
consecutive nodes; F[1,184]= 8.5; p= 0.005; FDR-corrected
p= 0.038). There was also a significant group difference
in a node cluster in the posterior portion of the
right inferior longitudinal fasciculus (ADHD < non-ADHD:

k= 12 consecutive nodes; F[1,184]= 3.9; p= 0.022), but
this finding did not survive correction for multiple
comparisons.

Level-2 analyses. ADHD persistence

After accounting for the effects of age, sex, left-right
handedness ratio, and lifetime comorbidities, there was a
significant main effect of group (Three levels: ADHD-
persisters, ADHD-desisters, non-ADHD) (Wilks’ lambda=
0.8; F[6,348]= 7.6; p < 0.001) on the three node clusters
identified in the level-1 analyses (Table 3).

Table 2 Results of level-1
analyses comparing ADHD and
non-ADHD groups on FA in 18
white matter tracts.

Multivariate tests

Main effect Wilks’ lambda F[18,155] P

Group (ADHD, non-ADHD)a 2.1 0.007 2.1

Age (YY)b 3.0 <0.001 3.0

Sex (F/M) 1.0 0.448 1.0

Handedness (L/R) 1.1 0.337 1.1

Lifetime mood/anxiety disorders
(YES/NO)

1.2 0.288 1.2

Lifetime marijuana use disorder
(No/mild/moderate/severe)

0.7 0.926 0.7

Lifetime alcohol use disorder
(No/mild/moderate/severe)

0.8 0.773 0.8

Tests of between-subjects effects

Main effect Tract F[1.183] Sig. FDR q

Group (ADHD, non-ADHD)a Forceps MINOR 5.4 0.022 0.079

Forceps major 1.0 0.320 0.592

Right anterior thalamic radiation 0.0 0.829 0.933

Left anterior thalamic radiation 0.0 0.975 0.975

Right corticospinal tract 1.2 0.273 0.592

Left corticospinal tract 0.8 0.372 0.597

Right CAB 7.6 0.007 0.041

Left CAB 7.8 0.006 0.041

Right cingulum bundle 1.0 0.329 0.592

Left cingulum bundle 1.2 0.275 0.592

Right ILF 8.4 0.004 0.041

Left ILF 7.0 0.009 0.041

Right superior longitudinal fasciculus 0.7 0.398 0.597

Left superior longitudinal fasciculus 0.4 0.527 0.678

Right uncinate fasciculus 0.5 0.468 0.648

Left uncinate fasciculus 0.1 0.814 0.933

Levene’s test of equality of error variance was p > 0.05 for mean FA of all 18 major white matter tracts
included in the MANCOVA.

Age, sex, handedness, and lifetime comorbidities were covariates in all analyses.

P and q < 0.05 in bold; trend-level significance in italics.
a126 adults in the ADHD group and 58 adults with the non-ADHD group were included in level-1 analyses.
bThere was a main effect of age (inverse relationship) on FA in these clusters.
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Three (one for each node cluster) follow-up univariate
analyses revealed that in the left inferior longitudinal fas-
ciculus cluster, both ADHD-persisters and ADHD-desisters
showed lower FA than adults in the non-ADHD group
(ADHD-persisters < non-ADHD: p < 0.001; ADHD-desis-
ters < non-ADHD: p= 0.021; all FDR corrected). Notably,
in the left inferior longitudinal fasciculus cluster, ADHD-
persisters also showed lower FA than ADHD-desisters (p=
0.013; FDR corrected). In the left and right cingulum
angular bundle cluster, both ADHD-persisters and ADHD-
desisters showed lower FA than adults in the non-ADHD
group (left: ADHD-persisters < non-ADHD: p= 0.012;
ADHD-desisters < non-ADHD: p= 0.003; right: ADHD-
persisters < non-ADHD: p= 0.011; ADHD-desisters < non-
ADHD: p= 0.005; all FDR corrected). However, ADHD-

persisters and ADHD-desisters did not differ significantly in
these clusters (p > 0.05), (Table 3; Fig. 1A, B).

We explored the possibility of missed persistence group
differences in major white matter tracts that were not sig-
nificantly different in the level-1 analyses. Using a three-
way (ADHD-persisters, ADHD-desisters, non-ADHD)
MANCOVA, we examined if there was a main effect of
ADHD persistence across all 18 major white matter tracts.
This analysis yielded similar results (Supplementary
Table 4).

Analyses examining the relationship between mean FA
in node clusters and continuous dimensions of inattention
and hyperactivity-impulsivity symptoms across the ADHD-
persisters and ADHD-desisters revealed that higher levels
of inattention symptoms at scan were associated with lower

Table 3 Results of level-2
analyses comparing adults in the
ADHD-persisters, ADHD-
desisters and non-ADHD groups
on FA in three node clusters
identified in level-1 analyses.

Multivariate tests

Main effect Wilks’ lambda F[6,348] p

Group (ADHD-persisters, ADHD-desisters, non-ADHD) 0.853 4.7 <0.001

Age (YY)a 0.911 5.5 0.001

Sex (F/M) 0.962 2.3 0.084

Handedness (L/R) 0.983 0.9 0.418

Lifetime mood/anxiety disorders 0.978 1.3 0.282

Lifetime marijuana use disorder 0.973 0.5 0.861

Lifetime alcohol use disorder 0.953 0.9 0.516

Tests of between-subjects effects

Main effect Node cluster F[2,184] p FDR q

Group (ADHD-persisters, ADHD-
desisters, non-ADHD)

Mean FA—[Left inferior longitudinal
fasciculus]

8.5 <0.001 <0.001

Mean FA—[Left cingulum angular
bundle]

5.3 0.006 0.008

Mean FA—[Right cingulum angular
bundle]

5.0 0.008 0.008

Pairwise comparisons

Node cluster Contrast Mean difference p FDR q

Mean FA—
[Left inferior longitudinal
fasciculus]

ADHD-persisters vs. ADHD-
desisters

−0.017 0.013 0.020

ADHD-persisters vs. non-ADHD −0.030 <0.001 <0.001

ADHD-desisters vs. non-ADHD −0.013 0.021 0.027

Mean FA—
[Left cingulum angular bundle]

ADHD-persisters ADHD-desisters −0.002 0.844 0.844

ADHD-persisters vs. non-ADHD −0.034 0.012 0.020

ADHD-desisters vs. non-ADHD −0.032 0.003 0.014

Mean FA—
[Right cingulum angular bundle]

ADHD-persisters vs. ADHD-
desisters

−0.004 0.727 0.818

ADHD-persisters vs. non-ADHD −0.031 0.011 0.020

ADHD-desisters vs. non-ADHD −0.027 0.005 0.015

Age, sex, handedness, and lifetime comorbidities were covariates in all analyses.

p and q < 0.05 in bold; trend-level significance in italics.
aThere was a main effect of age (inverse relationship) on FA in these clusters.
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FA in the left inferior longitudinal fasciculus cluster (Wilks’
lambda= 0.9; F[6,348]= 3,1; p= 0.029; Supplementary
Table 5A, B).

Exploratory analyses

There were no significant associations between the CES-D,
STAI-State, or STAI-Trait scores and mean FA in the three
node clusters identified in the level-1 analyses (Supple-
mentary Table 6).

FA in the left and right cingulum angular clusters was
associated with a significant decreased axial diffusivity
(p = 0.006; p= 0.002, respectively); FA in the left inferior
longitudinal fasciculus cluster was associated with
increased radial diffusivity (p= 0.006) (Supplementary
Table 7A, B).

Discussion

In the present study, we used for the first time a combina-
tion of global probabilistic tractography and tract profiles to
(1) assess structural abnormalities in major white matter
tracks in a sample of adults rigorously diagnosed with
ADHD in childhood in comparison to demographically
similar adults without ADHD and (2) further determine the
role of ADHD symptom outcomes (desistence vs. persis-
tence) on these tract abnormalities.

In line with our main hypothesis and confirming previous
evidence [21–24], adults with a childhood diagnosis of
ADHD, when compared with adults without ADHD his-
tories, showed structural abnormalities in white matter tracts
primarily involved in visuospatial attention (i.e., lower
collinearity/integrity of the fibers in the inferior longitudinal
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left cingulum angular bundle
showing lower FA in ADHD
versus non-ADHD.
Tractographic analyses were
performed in native space. One
hundred segments for each tract
were used to define the tract
profiles. To represent between-
group differences (red-yellow
color bar depicts significance
levels of p < 0.05), main findings
are displayed in MNI space. B
Error-bar plots represent the
mean FA in the three clusters
identified in level-1 analyses in
adults in the ADHD-persisters,
ADHD-desisters and non-
ADHD groups. Confidence
interval of 95% is shown.
ADHD attention deficit
hyperactivity disorder, MNI
Montreal Neurological Institute,
FA fractional anisotropy,
FMINOR forceps minor, ILF
inferior longitudinal fasciculus,
CAB cingulum angular bundle.

White matter abnormalities associated with ADHD outcomes in adulthood 6661



fasciculus, with lower FA in the left relative to the right
hemisphere). They also showed lower collinearity/integrity
of the fibers in the cingulum angular bundle, bilaterally.

Partially in line with our secondary hypothesis, ADHD-
persisters showed greater abnormalities in the anterior
portion of the left inferior longitudinal fasciculus, suggest-
ing that abnormalities in this portion of the tract might
reflect persistent inattention symptomatology in adulthood.
However, we also found that both ADHD-desisters and
ADHD-persisters showed abnormalities in the inferior
longitudinal fasciculus and cingulum angular bundle when
compared to adults without ADHD histories.

Thus, our findings suggest cumulative effects of ADHD
onset in childhood and persistent inattention symptoms on
white matter collinearity/integrity of the inferior long-
itudinal fasciculus. The inferior longitudinal fasciculus is
part of the external sagittal stratum, connecting the
temporal-occipital areas of the brain [49, 50] with the
anterior temporal pole [51]. Involved in the processing and
modulation of visual cues, the inferior longitudinal fasci-
culus promotes visually guided behaviors (e.g., reading
fluency and comprehension) and visuospatial attention (e.g.,
object/face recognition and set-shifting attention), which are
often impaired in ADHD [52]. Using tract-based spatial
statistics, Cortese et al. reported abnormalities in the sagittal
stratum (including the inferior longitudinal fasciculus) in 51
adults with a childhood diagnosis of ADHD who had been
followed to a mean age of 41 years [24], but ADHD
symptom persistence was not associated with these
abnormalities. The discrepancy in findings related to
symptom persistence could be explained in part by sample
size and/or methodological differences (i.e., smaller sample,
single-shell diffusion imaging sequence with lower angular
resolution and use of a voxel-based MRI approach in the
study by Cortese et al., and use of informant report in the
present study). Our findings in ADHD symptom persisters
vs. desisters suggest that lower collinearity of the left
inferior longitudinal fasciculus may reflect active patho-
physiologic mechanisms in ADHD, and more specifically of
inattention-type symptoms. This finding is partially con-
firmed by a recent study that used a similar approach in 654
7–29 years olds with and without ADHD [53]. Here, lower
FA in the inferior longitudinal fasciculus was associated
with higher levels of inattention symptoms; however, this
finding did not survive multiple comparison correction. It is
possible that differences in age ranges (narrower in our
sample), study designs (e.g., harmonization of scanner
effect, different use of covariates, different approaches to
multiple testing), and diffusion imaging sequences (i.e.,
high vs. low angular resolution, multi- vs. single-shell and
use of isotropic vs. anisotropic voxels) might have increased
our ability to detect ADHD-related effects on white matter,
despite the relatively smaller sample size.

Adults with ADHD symptom levels below the DSM-5
symptom threshold (ADHD-desisters) also showed lower
collinearity of this tract in comparison to the non-ADHD
group. If abnormalities in this tract reflect active patho-
physiologic mechanisms, why would children with ADHD,
who desist later in life, continue to show some level of
white matter abnormalities in adulthood? The growing lit-
erature documenting impairment experienced by individuals
with subthreshold symptomatology, reflecting the dimen-
sional nature of ADHD symptoms, may be partly respon-
sible and explain our findings [4, 12]. However, it is also
possible that abnormalities in this tract might reflect some
shared variance across desisters and persisters. In our
sample, having a childhood diagnosis of ADHD was
strongly associated with longstanding academic under-
achievement (lower education), even in those whose ADHD
symptoms desisted in adulthood [54]. Notably, the inferior
longitudinal fasciculus is one tract implicated in reading
fluency and comprehension [30]. It is important to note that
neurodevelopmentally the inferior longitudinal fasciculus
matures earlier (and faster) than other associative tracts
[43, 55–57] and its rate of maturation (FA in this tract
reaches its maximum peak by the age of 11) [56] likely
reflects the rapid acquisition of reading fluency/compre-
hension [30]. The inferior longitudinal fasciculus is plastic
[58–60], and intervention strategies targeting language
disabilities might not be as effective in ‘reshaping’ this tract
if they occur too late (e.g., after age 11). Thus, ADHD
symptoms could decline and, depending on when inter-
vention strategies occur, abnormalities in this tract may
persist, along with a longstanding academic under-
achievement in adulthood. The decreased FA was asso-
ciated with increased radial diffusivity in this tract, which
suggests that this finding might reflect a poor organization
of the fibers’ architecture—rather than a lower density of
the axons—in those with histories of ADHD and/or those
with persisting ADHD symptomatology. This further sup-
ports the idea that ad hoc intervention strategies might
promote a better plasticity (‘reorganization of the wiring’)
of this tract. Whether the timing of these interventions plays
a role is unknown and warrant continued study in devel-
opmental samples.

Our findings also showed that adults with a childhood
ADHD onset, when compared to adults without ADHD
histories, have lower collinearity in the left and right
cingulum angular bundle. The angular bundle of the cin-
gulum connects the posterior hippocampus and the cin-
gulate cortex and represents the retrosplenial cortical
pathway that, along with the subcortical diencephalic
pathway (fornix and mammillo thalamic tract), constitute
the Papez’ circuit [61]. Abnormalities in the cingulum
angular bundle have been associated with a decline in
episodic [62] and spatial working memory [63–68],
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especially in the elderly. Relevant to ADHD, animal
studies have shown how cingulum angular bundle lesions
are associated with delayed acquisition of avoidance
responses and increased locomotor activity/exploratory
behavior, suggesting that abnormalities in this tract might
be associated with symptoms of impulsivity/hyperactivity
in ADHD [69]. Relatedly, a recent study found that
reduced FA in this tract was associated with higher levels
of hyperactivity/impulsivity in a large study of youth and
young adults with ADHD (age range of 7–29) [53]. Our
findings, however, did not show any association between
levels of impulsivity/hyperactivity (or inattention) and
degree of cingulum angular bundle collinearity (or with
presence/absence of ADHD persistence, Supplementary
Table 4). We interpret these findings as suggesting that
abnormalities in this tract in adulthood could also reflect
the scarring effects of having had a childhood ADHD
diagnosis. In fact, these findings raise a fundamental
question of whether for a developing brain missing the
opportunity of maturing at the proper time translates into
brain scarring that persists in adulthood, regardless of
desisting symptomatology. The decreased axial diffusivity
associated with decreased FA in the left and right side of
this tract provides further support; however, longitudinal
studies in youth with ADHD are needed to clarify the
nature of this finding.

This study has many strengths including a large sample
of adults with childhood-onset ADHD who were rigor-
ously diagnosed and followed since childhood, age- and
sex-matched adults without ADHD histories, and use of
advanced tractographic protocols to quantify alterations in
relevant white matter tracts. Another important strength
was our effort to minimize the potential effect of other
psychiatric disorders in our findings. To this end, in the
non-ADHD group we recruited adults with similar rates of
lifetime comorbidities (i.e., mood and anxiety disorders,
marijuana and alcohol use disorders) to those of adults in
the ADHD group. However, certain limitations need to be
considered. As is typical in studies of ADHD, the esti-
mated IQ and education levels were significantly lower for
the adults in the ADHD vs. non-ADHD group. We chose
not to control for these differences, even if a main effect
of IQ on MRI measures has been reported [70–72]. Future
studies could examine whether intellectual capacity
moderates the associations identified in this study. Alco-
hol and marijuana use disorders are also highly prevalent
in ADHD [73], more than in the general population and
therefore these were covariates of no-interest in all main
analyses; however, we did not find a main effect of these
variables on any FA measures of interest. Just a few adults
in the ADHD-persisters group were taking stimulant
medications at the time of the scan and therefore we could
not explore the effect of stimulants on our main findings.

Future studies are needed to examine if stimulant medi-
cations have a main effect on FA in the inferior long-
itudinal fasciculus and cingulum angular bundle. Another
limitation was that no dummy scan was collected at the
beginning of the diffusion imaging sequence for steady-
state magnetization.

To our knowledge, this is the first study using a tract
profile approach to examine whether focal or widespread
structural abnormalities previously reported in children
with ADHD persist in adulthood. Our findings indicate
that lower collinearity (e.g., a poor organization of the
fiber architecture) of the inferior longitudinal fasciculus
may underlie persistence of ADHD symptomatology into
adulthood; abnormalities (e.g., lower axonal density/dia-
meter) in the parahippocampal section of the cingulum
may represent a scarring effect of ADHD, or other pre-
cipitants of the disorder in childhood. In sum, findings
from this uniquely well-powered study of adults, who
were rigorously diagnosed with ADHD in childhood and
followed clinically into early adulthood, provide a com-
prehensive characterization of the white matter structural
integrity of childhood-onset ADHD. They also provide
critical evidence from which to formulate hypotheses
about the neurodevelopmental markers of ADHD patho-
physiology that can be tested in future longitudinal studies
of children with ADHD as well as those in offspring of
parents with ADHD histories.
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