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ABSTRACT

Attention-deficit hyperactivity disorder (ADHD) is a common childhood neurodevelopmental disorder marked by in-
attention, hyperactivity, and impulsiveness. The importance of the Superior Longitudinal Fasciculus II (SLFII), a
white matter tract connecting the frontal and parietal regions, to developing executive function has not been estab-
lished in children who typically have executive function deficits. The present study explored the association between
diffusion properties of the SLFII and developing executive function in young children diagnosed with ADHD. A
dataset with the performance on the NIH Toolbox Card Sort and the NIH Toolbox Flanker, two executive function
tasks, in 59 4-7-year-old children was used, and diffusion-weighted magnetic resonance imaging scans were used to
quantify the white matter properties of the bilateral SLFII. The results showed that there was an association between
age and performance on the Flanker and Card Sort tasks. As age increased, performance also improved. There was no
significant association between white matter properties of the SLFII, birth sex, and the Card Sort and Flanker tasks.
As the first study to explore this association in children of this age with ADHD, this result was unexpected suggesting
that it may be the case that it is too early in development to detect a strong association. The findings inform contem-
porary and future investigations into the brain-behavior relations between SLFII and executive function in children
with ADHD. With further research, neuroimaging could become a potential diagnostic biomarker for predicting ex-
ecutive function impairments and ADHD symptoms in young children, potentially altering treatment outcomes.

Introduction

It is well-established that the frontal and parietal regions of the human brain are involved in the organism’s ability to
organize, and control directed voluntary behavior (Alvarez & Emory, 2006; Fischer et al., 2020). These are the so-
called executive functions, which are defined as higher-level cognitive functions involved in the control and regulation
of “lower-level” cognitive processes and voluntary behaviors (Alvarez & Emory, 2006). They are typically measured
using laboratory-based tasks, such as Card-Sorting or Flanker tasks, which require the participant to switch attention
to certain aspects of a visual stimulus (in the case of Card Sort tasks), or otherwise resist interference to distracting
stimuli (in the case of the Flanker task; Zelazo et al., 2013). Several studies have suggested that the parietal and frontal
lobes are critical to satisfactory performance on these tasks (Roberts et al., 2010; Berman, 1995)

Researchers have also become interested in the white matter connections that support communication be-
tween these distant brain regions in the human cortex. For example, research in non-human primates has shown that
the connection between middle and superior frontal and superior parietal brain regions is achieved by the superior
longitudinal fasciculus II (SLFII), in both the left and right hemispheres (Schmahmann & Pandya, 2006). This has
been validated in humans using a non-invasive technique diffusion-weighted magnetic resonance imaging (DW-MRI).
In this technique, the diffusion of water in the brain is measured while a participant is undergoing an MRI. Because
water diffuses directional down axons in the brain, the diffusion of water in axons can be directly measured. These
axons form bundles in the brain, which are termed fasciculi. Each of these several fasciculi, for example the SLFII,
can be tracked in acquired DW-MRI scans. The integrity of the fiber pathway can then be interrogated using this
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method, such that greater integrity of a given fiber pathway is associated with more constrained diffusion of water
(Catani & Thiebaut de Schotten, 2008).

Using this technique, researchers have established the importance of the SLFII for supporting executive func-
tions in the human brain. For example, studies have shown a significant positive association between the SLF II and
common executive function in young adults (Smolker et al., 2018). A middle network associated with the SLF II was
activated in both spatial/motor functions and non-spatial/motor functions (Parlatini et al., 2017). In patients who un-
derwent prefrontal glioma resection and patients who did not, there was significant correlation between spatial work-
ing memory deficit and the region around the SLF II (Kinoshita et al., 2016). In addition, the SLF II was associated
with the strategy score- a measure of executive function. This shows the importance of the SLFII fiber pathway for
executive function.

Review of Literature

Although these studies have been conducted in adults, the importance of the SLFII to developing executive function
has not been established, in particular in children who typically have executive function deficits. Children with atten-
tion-deficit hyperactivity disorder (ADHD) are much more likely than typical children to show executive function
deficits (Mullane et al., 2008). No study has examined whether the association between SLFII integrity and executive
function is apparent in these children. It may be the case that the developing connectivity between frontal and parietal
regions is disrupted or altered in children with ADHD. This is what we aimed to establish in the present study.

Thus, for the present study we used de-identified data from a sample of young children diagnosed with
ADHD who were then scanned using DW-MRI in an MRI machine. Their executive function performance was meas-
ured using two executive function tasks, the NIH Toolbox Card Sort and the NIH Toolbox Flanker. We 1) tracked the
SLFII using the DW-MRI scan in each subject for each hemisphere and 2) related the integrity of the SLFII white
matter to performance on the two executive function tasks. In this way we aimed to establish whether there is an
association between development in this pathway and executive function in young children who typically show exec-
utive function deficits.

Methods

Dataset

The data was taken from a large urban southeastern city in the U.S. with a large Latinx population. Children and their
caregivers were recruited from local preschools and mental health agencies via brochures, radio and newspaper ads,
and open houses/parent workshops. For the ADHD sample, parents and children were invited to participate in an
assessment to determine study eligibility if the parent (1) endorsed his or her child as having clinically significant
levels of ADHD symptoms, (2) indicated that his or her child was currently displaying clinically significant academic,
behavioral, or social impairments as measured by a score of three or higher on a seven-point impairment rating scale
(Fabiano et al., 2006), and (3) indicated that his or her child was not taking any psychotropic medication. Participants
were also required to be enrolled in school during the previous year, have an estimated IQ of 70 based on the WPPSI-
IV (Wechsler, 2012), have no confirmed history of an Autism Spectrum Disorder, and be able to attend an 8-week
summer treatment program (STP-PreK; Graziano, Slavec, Hart, Garcia, and Pelham (2014) prior to the start of the
next school year.

ADHD diagnosis and comorbid disruptive behavior disorders were assessed through a combination of parent
structured interview (Computerized-Diagnostic Interview Schedule for Children [C-DISC]; (Shaffer, Fisher, Lucas,
Dulcan, & Schwab-Stone, 2000) and parent and teacher ratings of symptoms and impairment (Disruptive Behavior
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Disorders Rating Scale, Impairment Rating Scale; Fabiano et al., 2006; Pelham, Gnagy, Greenslade, & Milich, 1992),
as is recommended practice. Dual Ph.D. level clinician review was used to determine diagnosis and eligibility.

The final participating sample consisted of 59 young children (M,e = 5.58, SD = 0.76, and 73% male reflect-
ing the higher incidence of males in ADHD). Eighty percent of the children were identified by parents as Hispanic/La-
tino White, 12% as Non-Hispanic/Latino White, 6% as Non-Hispanic/Latino Black, and 2% as Hispanic/Latino
Black. All subjects were de-identified prior to data analysis.

Measurement of Executive Function

Executive function was measured using two tasks: the NIH Toolbox Dimensional Change Card Sort (DCCS) to meas-
ure task-switching/cognitive flexibility (Zelazo, Anderson, Richler, Wallner-Allen, Beaumont, & Weintraub, 2013),
and the NIH Toolbox Flanker Inhibitory Control and Attention Test (NIH Toolbox Flanker).

The NIH Toolbox “card sort” task is based on the DCCS developed by Zelazo and colleagues (Zelazo et al.,
2013). In the standard version of the DCCS, children are shown two target cards (e.g., red rabbits and blue boats) and
asked to sort test cards (e.g., blue rabbits and red boats) first according to one dimension (e.g., color), and then ac-
cording to the other (e.g., shape). Because of the conflict between the target and test cards, switching between the first
rule and the second incurs a switch cost, both in terms of accuracy and response time (RT). In the NIH Toolbox
version, there are four card sorting blocks: practice, preswitch, postswitch, and mixed. In the practice block, partici-
pants were instructed to match centrally presented stimuli to one of two lateralized target stimuli. The preswitch and
postswitch trials were similar to the practice trials, but there was a conflict between the test and target cards. A rule
switch was employed between the pre- and postswitch phase, with the sorting dimension (shape or color) counterbal-
anced across participants. Children who succeeded on at least four trials of the postswitch received the mixed block,
which consisted of 50 trials of 40 “frequent” and 10 “infrequent” trials. The frequent trials corresponded to the dimen-
sion that had been presented in the postswitch phase. The standard toolbox scoring was used, in which both accuracy
and RT are included in the score (Zelazo et al., 2013).

The NIH Toolbox Flanker was administered to the participants in the sample in the standard fashion. In this
task, a version of the Eriksen flanker task (Eriksen & Eriksen,1974), participants are required to indicate the left-right
orientation of a centrally presented stimulus while inhibiting attention to the “flankers” that surround it on each side.
On some trials, orientation of the flankers is congruent with the orientation of the central stimulus; on other trials it is
incongruent. The NIH Toolbox version consists of a practice block, a block using child-friendly fish stimuli, and a
block using more difficult arrow stimuli. Scoring is similar to the Card Sort scoring, and incorporates both accuracy
and RT.

MRI Acquisition & Processing
All imaging was performed using aresearch-dedicated 3 Tesla Siemens MAGNETOM Prisma MRI scan-
ner (V11C) with a 32-channel coil located on the university campus. Children first completed a preparatory phase
using a realistic mock scanner. In the magnet children watched a child-friendly movie of their choice. Ear protection
was used, and sound was presented through MRI compatible headphones.

We collected multi-shell high-angular diffusion-weighted imaging (HARDI) data according to the Adoles-
cent Brain and Cognitive Development (ABCD) protocol (Hagler et al., 2019). These scans were collected with a 1.7
mm isotropic voxel size, using multiband imaging echo planar imaging (EPI; acceleration factor = 3). The acquisition
consisted of ninety-six diffusion directions, six b=0 frames, and four b-values (102 diffusion directions; 6 b=500, 15
b=1000, 15 b=2000, and 60 b=3000).

Diffusion-weighted Imaging Post-Processing
Initial post-processing was accomplished with DTIPrep v1.2.8 (Oguz et al., 2014), TORTOISE DIFFPREP v3.1.0

(Irfanoglu, Nayak, Jenkins, & Pierpaoli, 2017; Pierpaoli et al., 2010), FSL v6.0.1 topup (Andersson, Skare, &
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Ashburner, 2003; Smith et al., 2004), and DSI Studio (v. June 2020; Yeh, Wedeen, & Tseng, 2010). We also imple-
mented a pre- and post-analysis quality check assessing signal-to-noise of each diffusion b-value (Roalf et al., 2016).

Initial quality control was accomplished in DTIPrep to complete the following steps: 1) image/diffusion in-
formation check; 2) padding/cropping of data; 3) Rician noise removal; 4) slice-wise, interlace-wise, and gradient-
wise intensity and motion checking. The number of acquisitions removed was used as a proxy for movement/bad data
quality, and was included as a covariate in subsequent regression analyses. TORTOISE DIFFPREP was used to ac-
complish motion and eddy current correction. We implemented calculation of the diffusion tensor model in DSI Studio
to estimate the eigenvalues reflecting diffusion parallel and perpendicular to each of the fibers along three axes (X, y,
z). In addition to calculating the more familiar diffusion metrics, we also reconstructed the data using higher-order
HARDI generalized q-sampling imaging (GQI) technique (Yeh et al., 2010), implemented in DSI Studio. We calcu-
lated the Generalized Fractional Anisotropy (GFA) from this reconstruction, and this is our main predictive measure
of interest. GFA can be thought of as a higher-order generalization of FA (Tuch, 2004). Like the traditional FA metric
from diffusion tensor imaging, the GFA values range from O to 1, with higher values associated with greater white
matter integrity.

Fiber Tract Identification

Tractography was conducted using DSI Studio by manually reconstructing the left and right superior longitudinal
fasciculus II in each subject, with reference to established connections in non-human primates that show a frontal-
parietal pathway in the superior white matter of the cortex (Schmahmann & Pandya, 2006; see Figure 1). To do this,
in the axial plane we identified a superior bundle of anterior-posterior directed streamlines (coded green in the direc-
tionally encoded brain image). We manually outlined this bundle to define the region of interest (ROI). We then set
the tracking function to seed, and identified streamlines that connected the middle frontal cortex in the anterior course
of the tract, and the intraparietal sulcus in the posterior course of the tract. This was done for each hemisphere and for
each participant. As a final step, for each fiber pathway of interest, for each hemisphere, and for each subject, GFA
statistics were exported and averaged across the whole fiber bundle for further analysis.
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Figure 1. The superior longitudinal fasciculus II from fiber tracking autoradiography shown in a macaque monkey.
B. Example subject showing the fiber tracking of the superior longitudinal fasciculus II in a diffusion-weighted imag-
ing magnetic resonance imaging scan. Both images show the pathway connecting the middle and superior frontal and
superior parietal lobes.
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Brain-Behavior Data Analyses

Analyses were conducted using R v.3.5.3 (Team, 2020) and used ordinary least squares regression. We also calculate
and report the 95% Confidence Intervals (CIs). Four regressions were conducted: (1 and 2) right and left SLFII GFA
entered as the independent variable and NIH Toolbox Card Sort as the dependent variable; and (3 and 4) right and left
SLFII GFA entered as the independent variable and NIH Toolbox Flanker as the dependent variable. For each analysis,
age and birth sex were entered as covariates of non-interest.

Results

Four separate regression analyses were conducted. The first two examined the association between the left and right
SLFII GFA and NIH Toolbox Card Sort performance, controlling for age and birth sex. As Table 1 shows, only the
association between age and performance was significant. The positive slope suggests that as age increased, perfor-
mance on the Card Sort task also improved, and this association was better than that expected by chance (i.e., it was
statistically significant). The second two analyses examined the association between the left and right SLFII GFA and
NIH Toolbox Flanker performance, controlling for age and birth sex. As Table 2 shows, only the association between
age and performance was significant. Again, the positive slope suggests that as age increased, performance on the
Flanker task also improved, and this association was better than that expected by chance (i.e., it was statistically
significant).

Table 1. Results of Regression Analysis for NIH Toolbox Card Sort

Estimate Std. Error t value Pr(>|t])
(Intercept) 12.8088 20.9196 0.61 0.5428
Left SLFII -45.3771 184.1972 -0.25 0.8063
Age 8.1998 2.9878 2.74 0.0081**
Sex -1.5596 4.9577 -0.31 0.7542
(Intercept) 2.7544 21.0801 0.13 0.8965
Right SLFII 30.4128 154.4116 0.20 0.8445
Age 9.2177 2.6474 348 0.0009%***
Sex -2.2791 4.7052 -0.48 0.6298

Note. A p-values are two-tailed. * p<.05. ** p<.0l. *** p<.001.

Table 2. Results of Regression Analysis for NIH Toolbox Flanker

Estimate Std. Error t value Pr(>|t))
(Intercept) -14.6975 22.6755 -0.65 0.5195
Left SLFII 40.2862 199.6581 0.20 0.8408
Age 11.1630 3.2386 3.45 0.0011%%*
Sex 0.9661 5.3739 0.18 0.8580
(Intercept) -9.3046 22.7800 -0.41 0.6843
Right SLFII -98.7859 166.8630 -0.59 0.5560
Age 13.1784 2.8609 4.61 0.00007%***
Sex -1.7159 5.0846 -0.34 0.7369

Note. A p-values are two-tailed. * p<.05. ** p<.01. *** p<.001.
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SLF Il Predicting NIH Toolbox Card Sort Scores
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Figure 2. Scatterplots showing the association between generalized fractional anisotropy of the superior longitudinal
fasciculus II and NIH Toolbox Card Sort and NIH Toolbox Flanker performance, for each hemisphere. The slopes of
the regression lines were not significantly different from zero.

Discussion

In the present study we explored the association between diffusion properties of the SLFII and developing executive
function in young children diagnosed with ADHD. The SLFII was chosen because of its important role in supporting
connectivity between the frontal and parietal cortices on both hemispheres of the brain. These brain regions are known
to support developing executive function and working memory skills in young children, and also to support these
cognitive functions in adults. In young children with ADHD, executive function and working memory are typically
delayed or impaired relative to typically developing children. Therefore, we expected the structure of the SLFII to be
associated with executive function in young children with ADHD, particularly on two tasks which assess cognitive
flexibility, attention, and resistance to interference from distracting stimuli. These two tasks were the NIH Toolbox
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Card Sort and the NIH Toolbox Flanker task. Thus, we assessed the performance on these tasks in 59 4-7-year-old
children and associated this performance with the white matter properties of the bilateral SLFII as measured by DW-
MRIL

We found no association between white matter properties of either the left or right SLFII, or birth sex, and
the Card Sort and Flanker tasks. We did find an association between age and performance on both the Card Sort and
Flanker task, such that as age increased, performance increased. These findings are discussed below as it relates to
understanding brain development of fiber pathways supporting executive function in young children with ADHD.

Conclusion and Implications

As we report above, we found no association between SLFII white matter and performance on the Flanker and Card
Sort tasks. This was unexpected given that the fiber pathway has been associated with executive function and working
memory in adults. For example, prefrontal glioma resection, particularly on the right hemisphere, is associated with
working memory and executive function deficits when it impacts the white matter of the SLFII (Kinoshita et al., 2016).
This association has never been investigated in children of this age, nor in children with ADHD. Our data, in finding
no brain-behavior association, are inconsistent with the adult findings. However, two factors limit the generalizability
of our reported findings. First, the sample size we investigated was reasonable, but still small from a statistical per-
spective. In cases where the effect of interest is difficult to detect or is also small, a smaller sample severely limits the
ability to find an association better than chance. However, the sample size was sufficient to detect the effects of age.
Thus, a second possibility is that the frontal and parietal brain regions are, during this time period of development,
actually organizing to communicate and support the cognitive functions under investigation. That is, it may be the
case that it is too early in development to detect a strong association. Further studies would need to be conducted to
determine whether this is the case. Of course, lastly, it is also possible that there is no meaningful association, and
therefore one was not detected.

We did find an association between age and both Card Sort and Flanker performance. Associations with age
and improved performance on executive function tasks is well-established. For example, Zelazo and colleagues (2003;
2013) found that Card Sort performance improves substantially in children in this age range. Oeri and colleagues
(2018) found the same association between age and Flanker performance, such that Flanker performance increases
with increasing age in children (Mullane et al., 2008). Thus, our results replicate prior research exploring the perfor-
mance of these tasks in children in this age range.

Future Research

Future studies could focus on different measures of executive function by considering different tasks. DTI methodol-
ogies and data analysis can be adjusted and alternative metrics such as mean diffusivity can be considered. In addition,
future studies can report results from a control group of typically developing children to investigate whether the find-
ings apply specifically to children with ADHD.

Limitations

Limitations in this study make it more difficult to argue that our findings generalize to understanding the association
between SLFII white matter properties and executive function performance in young children with ADHD. As we
already discussed, is that the sample size was reasonable but small. As mentioned, this makes it difficult to detect
small effects, which may in fact be real. Therefore, we are at an increased risk of reporting what would be termed a
“false negative” effect. That is, we are reporting no effect is present, but it may be the case that we do not have
sufficient sample size to detect a real effect that may be present.
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