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Abstract
An fNIRS study of the effects of medication on cognitive functioning and cerebral
hemodynamics in adults with Attention-Deficit Hyperactivity Disorder
Danielle D. Brinckman
Maria T. Schultheis, Ph.D

Background: Current research indicates clear distinctions between the general
population and individuals diagnosed with Attention-Deficit/Hyperactivity Disorder
(ADHD), specifically in cognitive processes and physiological brain activity. Stimulant
medications have been shown to improve and, in some cases, normalize dysfunction in
both these areas. The majority of extant brain imaging literature has included functional
magnetic resonance imaging (fMRI) in tandem with neuropsychological tests to explore
these relationships. However, functional near-infrared spectroscopy (fNIRS) is a
promising neuroimaging technology that offers some unique features including
portability, ecological validity, and the ability to detect brain activity via concentrations
of oxygenated and deoxygenated blood. Very few studies have used fNIRS as a tool to
investigate the impact of medication on adults with ADHD, both in their cognitive
functioning and brain hemodynamics. However, there is evidence that this technology
may —in addition to providing novel information about cognitive and physiological
functioning —actually be better suited to evaluating the ADHD population.

Objectives: The present study sought to: 1) compare differences in cognition (using
neuropsychological tests) and neurophysiology (using fNIRS) between adults with
ADHD (when unmedicated) and age-, gender-, and education-matched healthy control
(HC) adults, and 2) compare differences in cognition and neurophysiology between

medicated and unmedicated states in adults with ADHD. Ultimately, the goal was to
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investigate the potential application of fNIRS as an assessment tool for both diagnostic
(of the physiological underpinnings of the disorder) and monitoring (of the effectiveness
of cognition-improving medications) purposes.

Participants: Nine individuals aged 18-25 diagnosed with ADHD and nine age-,
gender-, and education-matched healthy control participants (HCs).

Method: All participants completed two testing sessions. HCs completed both sessions
under normal conditions whereas ADHD participants completed one testing session while
medicated and the other while unmedicated. Cognitive testing focused on working
memory, a domain relevant to ADHD. Testing included 1) a two-subtest WAIS-IV; 2) a
Sternberg delayed recognition task (a test of working memory); and 3) a visual n-back
task (another working memory test). The latter two tasks were completed while
participants were connected to a continuous wave fNIRS system to record cerebral
hemodynamic activity during working memory performance. Demographic variables,
confirmation of diagnosistic status, medications, and recent daily activities regarding
caffeine, alcohol, tobacco, and other behaviors that could impact fNIRS data were
recorded.

Results: Cognitively, while healthy controls performed better on working memory tasks
than ADHD participants, and ADHD participants generally performed better when
medicated than unmedicated, neither comparison reached significance. Physiologically,
there were no significant differences in PFC activation between the HC and ADHD
groups, nor between medicated and unmedicated states within the ADHD group.
Conclusions: The findings of this study mirror previous findings of the cognitive effects

of medication in ADHD. Not surprisingly, individuals with ADHD performed working
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memory tasks less accurately and more slowly than controls and the intake of stimulant
medication led to an improvement in performance that reached levels similar to healthy
individuals. By contrast, the medication-induced working memory improvements among
adults with ADHD were not reflected in corresponding physiological changes measured
by fNIRS. The lack of significant findings in this study may be due to low statistical
power, though alternative explanations are also explored. Nonetheless, before fNIRS can
contribute to clinical diagnosis and treatment of ADHD, more research is needed to

establish its clinical application.






1. INTRODUCTION

Current research indicates that there are clear distinctions between the general
population and individuals diagnosed with Attention-Deficit/Hyperactivity Disorder
(ADHD), with respect to cognitive processes and physiological brain activity.
Additionally, stimulant medications have been shown to improve functioning in both of
these areas for individuals diagnosed with ADHD. The majority of brain imaging
literature has included functional magnetic resonance imaging (fMRI) in tandem with
neuropsychological tests to examine these areas. However, functional near-infrared
spectroscopy (fNIRS) is another neuroimaging technology that offers some unique
features including portability, ecological validity, and the ability to detect brain activity
via concentrations of oxygenated and deoxygenated blood. To date, very few studies have
used fNIRS as a tool to investigate the combined cognitive and physiological differences
between individuals with ADHD and their healthy counterparts, or the impact medication
has on adults with ADHD both in their cognitive functioning and brain hemodynamics.
Results from existing neuroimaging studies that have investigated these variables
(together or separately) have been limited in various ways, including small sample sizes,
limited use of neuropsychological tests (i.e., using only one measure to gain an
understanding about a large functional domain), and susceptibility to the hyperactive
movement common among individuals with ADHD. In contrast, fNIRS may be better
suited for evaluating this population, as it provides a valid measure of frontal lobe
activity (which is central to the cognitive dysfunction in ADHD), is robust during
movement (another issue for those diagnosed with the disorder), and can provide novel

information about cognitive and physiological functioning in ADHD, specifically



concerning blood flow. There were two aims to the present study: Aim 1 sought to
examine the differences in cognitive performance and cerebral physiology between
healthy control (HC) adults and adults with ADHD (when unmedicated). Aim 2 sought to
examine the differences in cognitive performance and cerebral physiology between
medicated and unmedicated states in adults with ADHD.
1.1 Attention Deficit Hyperactivity Disorder

While the majority of research in ADHD has focused on children, there is a
growing body of literature examining adults. ADHD is a neurodevelopmental behavioral
disorder characterized by age-inappropriate symptoms of inattention, hyperactivity, and
impulsivity (American Psychiatric Association [APA], 1994, 2000). These symptoms
must be observed early in life (before age 7), pervasive across situations, and chronic.
With a prevalence rate of 3-9.5% (APA, 1994; Froehlich et al., 2007; Centers for Disease
Control and Prevention [CDC], 2010), ADHD is the most frequently diagnosed
psychological disorder in school-aged children. Sixty-five percent of cases persist into
adulthood (Barkley, Fischer, Smallish, & Fletcher, 2002; Biederman et al., 2006),
resulting in an estimated prevalence rate of 4% among the adult population that is
affected with the disorder (Faraone & Biederman, 2005; Kessler et al., 2006). Various
studies have found that children, adolescents, and adults diagnosed with the disorder
exhibit similar clinical features including inattention and distractibility, as well as
disruptions in both academic and occupational domains (Biederman, Mick, & Faraone,
2000; Hechtman, 1992; Mannuzza, Klein, Bessler, Malloy, & LaPadula, 1993; Spencer,

Biederman, & Mick, 2007; Taylor, Chadwick, Heptinstall, & Danckaerts, 1996); similar



findings in brain abnormalities have also been suggested, as described below (Seidman,
Valera, & Bush, 2004).
1.1.1 Neural Correlates of ADHD

Structural and functional neuroimaging studies have consistently found a variety
of structures and networks to be implicated in ADHD. A compilation of evidence
suggests that when the clinical features carry into adulthood, so too do the structural and
functional deviations (Cubillo, Halari, Smith, Taylor, & Rubia, 2012). Specific
abnormalities are discussed below.
1.1.1.1 Structural Neural Correlates

Multiple studies have indicated that decreased volumes of specific brain structures
and reduced cortical thickness occur in individuals with ADHD. Most notably,
abnormalities have been found in: overall cortical gray matter, fronto-striatal structures
(lateral prefrontal and dorsal cingulate cortices, caudate, and putamen), medial frontal
regions (rostral anterior cingulate cortex and supplementary motor area), and the
temporo-occipito-parietal junction (Bush et al., 2005; Cubillo & Rubia, 2010).
Presumably, these structural differences translate into the cognitive differences observed
among individuals with ADHD, as there are unique relationships between areas of the
brain and cognitive functioning. In terms of the fronto-striatal structures, the dorsolateral
and ventrolateral prefrontal cortices (DLPFC and VLPFC, respectively) are believed to
play a role in an array of domains including vigilance, attention (selecting, dividing, and
shifting), working memory, planning, and other executive functions (Bush et al., 2005;
Duncan & Owen 2000; Posner & Peterson 1990). Additionally, the VLPFC has been

linked to behavioral inhibition. The dorsal anterior cingulate cortex is thought to be



associated with motivation, complex cognitive processing, response selection and
inhibition, target detection and error detection, and performance monitoring. Especially
relevant to functioning in ADHD is the fact that there is evidence to suggest that this area
also has a role in modulating reward-based decision making.

Moreover, the medial frontal regions have been implicated in response selection
and initiation behaviors. Thus, the deviations from normality in these structures as well as
their connections with striatal, cerebellar, and parieto-temporal areas likely contribute to
the observed deficits in the above behaviors in the adult ADHD population (Cubillo &
Rubia, 2010).
1.1.1.2 Functional Neural Correlates

Consistent with structural evidence that grossly implicates dysfunction of the
frontal lobes in ADHD, multiple neuroimaging (fMRI and PET) meta-analyses and
reviews have reported corresponding functional abnormalities in the frontal lobe (Aron &
Poldrack, 2005; Bush et al., 2005; Cubillo & Rubia, 2010; Dickstein, Bannon,
Castellanos, & Milham, 2006; Paloyelis, Mehta, Kuntsi, & Asherson, 2007). Specifically,
hypoactivity in the anterior cingulate, dorsolateral prefrontal, and inferior prefrontal
cortices has been most commonly reported. In their review, Cubillo & Rubia (2010)
concluded that reduced activation occurs during tasks targeting motor inhibition (e.g.,
Go/No-go), attention and interference inhibition (e.g., Color-Word Stroop, Simon or
Eriksen Flanker tasks), and working memory (e.g., digit span, n-back).

Similarly, fNIRS studies with adult and child/adolescent participants of cognitive
function in ADHD have consistently reported a lower level of activation (i.e., reduced

levels of oxygenated blood in the brain) during various cognitive tasks including the



Go/No-Go, Stroop, n-back, and verbal fluency tests (Ehlis, Bahne, Jacob, Herrmann, &
Fallgatter, 2008; Inoue et al., 2012; Kobel et al., 2009; Negoro et al., 2010; Schecklmann
et al., 2009). Only one child study using fNIRS found that ADHD participants exhibited
an increase in oxygenated hemoglobin (HbO,) and cerebral blood volume (CBV) during
a cognitive task (Weber, Lutschg, & Fahnenstich, 2005); however this task (trail making)
focused on attentional abilities whereas others have focused more on working memory
and executive functioning, and this could explain the discrepancy. In sum, current
research suggests that both structural and functional abnormalities occur particularly in
frontal cortical areas and are consistent with the cognitive dysfunction observed in
individuals with ADHD, findings which the present study is designed to build on.
1.1.2 Neuropsychological Profile of ADHD

While a majority of ADHD research to date has been carried out with children
and adolescents, the field has recognized the importance of gaining a better grasp of the
disorder in adults in order to improve understanding of the disorder throughout the
lifespan. This can be seen in the growth of literature specifically reporting on adult
ADHD. Much of this research has found that many symptoms and difficulties found in
children are also seen in adults, with neuropsychological dysfunction a consistent feature
of adults with ADHD (Faraone et al., 2000; Woods, Lovejoy, & Ball, 2002).

Various reviews and meta-analyses have reported that, similar to children, adults
with ADHD experience deficits in multiple domains of function, the most prominent
impairments consistently occurring in speed of complex information processing, attention

and executive functions (e.g., tasks of verbal fluency, inhibition, and set shifting), and
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working memory (Boonstra, Oosterlaan, Sergeat, & Buitelaar, 2005; Cubillo et al., 2012;

Hervey, Epstein, & Curry, 2004; Woods et al., 2002).

Other studies have investigated common complaints related to cognitive and
neuropsychological functioning in adults with ADHD. Time-related issues appear to be
prominent, particularly problems meeting deadlines, completing tasks, and planning
(Riccio et al., 2005). A review of the literature by Davidson (2008) revealed that the most
commonly reported complaints among adults with ADHD are problems with
procrastination, frustration, poor motivation, insomnia, and time-management difficulties.
1.1.3 Pharmacology: Effects of Medication on Individuals with ADHD
1.1.3.1 Effects of Medication on Cognition

Various types of medication exist for the treatment of symptoms associated with
ADHD. Stimulants such as Methylphenidate (MPH) have been shown to be the most
effective—and therefore most prescribed —class of medications (Greenhill et al., 2002;
Safer & Malever, 2000). Stimulants such as MPH function via a mechanism that impacts
two specific neurotransmitters: dopamine (DA) and norepinephrine (NE; Volkow et al.,
2004). Specifically, MPH increases extracellular levels of DA and NE by blocking their
respective transporters. Because DA and NE are responsible for reducing the firing rate
of background neurons that can distract an individual from the task at hand, it is theorized
that MPH functions by increasing DA and NE, which helps decrease background noise in
the service of improving cognitive function.

In their review of the literature, Swanson, Baler, and Volkow (2011) reported that
stimulant medications led to improvements in an array of cognitive functions ranging

from those that incorporated executive functioning (e.g., inhibition, working memory,



strategy formation, planning, and set-shifting) to those that did not (e.g., complex
reaction time, spatial recognition memory reaction time, and delayed matching-to-
sample). Other single studies with adults have reported similar findings regarding
cognitive improvement: Biederman et al. (2008) found that MPH improves performance
on sustained attention and verbal learning tasks; Agay, Yechiam, Carmel, and Levkovitz
(2010) found better digit-span test scores among medicated individuals; and Topaloglu et
al. (2008) found that medicated ADHD participants’ reaction times during executive
control tasks were more similar (i.e., shorter) —though not identical —to healthy
controls’.

Taken together, these findings suggest that stimulant medications successfully
enhance cognitive functioning in individuals with ADHD. The present study capitalized
on this evidence and we anticipated that the same findings would be observed when
comparing medicated and unmedicated conditions among adults with ADHD.
Additionally, the present study targeted the links between the cognitive deficits
associated with adult ADHD and specific PFC neuroanatomy. Subsequently, we
anticipated neurophysiological differences between the medicated and unmedicated
ADHD groups, as well as between the healthy control and the unmedicated ADHD
groups, discussed in more detail below.
1.1.3.2 Effects of Medication on Brain Physiology

A variety of findings have been described for imaging studies with both children
and adults regarding the effects of stimulant medications on brain activity and
hemodynamics. Both PET and fMRI studies utilizing working memory and executive

functioning tasks have found contrasting results. While some have found decreases in



regional cerebral blood flow (rCBF) or regional cerebral blood volume (rCBV) in the
prefrontal cortex (PFC) during tasks (Mehta et al., 2000; Schweitzer et al., 2004; Szobot
et al., 2003; Weber, Lutschg, & Fahnenstich, 2007), others have found increases in PFC
rCBF (Schweitzer et al., 2003) or PFC activation (Bush et al., 2008; Epstein, et al., 2007;
Kim, J. Lee, Cho, & D. Lee, 2001; Rubia et al., 2009; Rubia, Halari, Christakou, &
Taylor, 2009; Shafritz, Marchione, Gore, Shaywitz, & Shaywitz, 2004; Vaidya et al.,
1998; Wong & Stevens, 2012).

Far less fNIRS research has been conducted, yet a conflict still exists. Topaloglu
et al. (2008) observed patterns of decreased oxyhemoglobin (HbO,) levels in MPH
medicated adults (compared to their unmedicated selves) during a measure of attention,
response inhibition, and cognitive flexibility, which they attributed to vasoconstriction.
By contrast, Monden et al. (2012) observed a significant increase in HbO, during a
Go/No Go task after intake of MPH by children.

The discrepancies among this literature could be due to various reasons, including
imaging techniques, sample sizes, sample characteristics (e.g., adult vs. child; ADHD
subtype), task type and difficulty, and medication regimens. Also, many of the studies
only utilized one cognitive task, another factor that could have limited their findings. The
present study aimed to address these limitations and contribute to the literature focused
on adults in this area as well as provide some clarification on existing findings.

1.2 Functional Near-Infrared Spectroscopy

Providing visual information regarding the structure and function of the brain,

neuroimaging is on the cutting edge of neuroscience research with a broad range of

techniques available for different purposes. First described by Chance et al. (1993, 1998),



one of these techniques is functional near-infrared spectroscopy (fNIRS). fNIRS is a
developing, noninvasive neuroimaging technology that utilizes the near infrared region of
the electromagnetic spectrum (approximately 700-1000 nm) to detect brain activity via
concentrations of oxygenated and deoxygenated blood.

Like fMRI, fNIRS detects neural responses by monitoring the hemodynamic
response induced by cognitive tasks. Performance on cognitive tasks requires energy,
which causes an increase in metabolic demand. Subsequently, this brings about a
hemodynamic response, which can be seen as the increase in various components
including: total cerebral blood flow (tCBF), regional cerebral blood flow (rCBF),
regional cerebral blood volume (rCBV), and regional cerebral blood oxygenation (rCBO;
Roy & Sherrington, 1890). Changes in these physiological variables are detected by the
fNIRS system.

This imaging technology is distinct from fMRI in that it utilizes the ratio of the
optical properties of oxygenated hemoglobin (oxy-Hb; HbO,) and deoxygenated
hemoglobin (deoxy-Hb; HHb), rather than their paramagnetic properties (as fMRI does).
More specifically, fNIRS is based on the property that light in the near-infrared range can
pass through skin, bone, and other tissues relatively easily and takes advantage of the
distinct absorption characteristics of HbO, and HHb in the near-infrared spectrum to
determine tissue oxygenation during cognitive activation (Izzetoglu et al., 2005;
Villringer, 1997). Once the headpiece is in place, near-infrared light is emitted from one
light source, penetrates the outer cortical layers, and is captured again by a detector. The
wavelengths of light that were reflected and absorbed during the process are then

conveyed to the data acquisition computer, which identifies concentration changes in
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HbO, and HHb. In sum, fNIRS can record changes in brain activation and activity

(Jobsis, 1977).
1.2.1 Instrumentation

There are many commercially available fNIRS systems with different hardware
setups that are being used in various settings (Strangman, Boas, & Sutton, 2002).
Currently, there are three specific types of systems: time-resolved (TR), frequency-
domain (FD), and continuous wave (CW), each having its own unique set of advantages
and disadvantages. Both the TR and FD systems use lasers as light sources and measure
changes or shifts in the phase and amplitude of the light as it passes through cortical
tissue. Ultimately, these systems provide a more precise quantification of fNIR signals.
CW systems use either continuous or a slow-pulsed light as the light source and measure
the attenuation of amplitude of the incident light as it travels through cortical tissue. Due
to having less sophisticated detectors, CW systems provide slightly less information
regarding timing of changes. However the benefit of CW systems is that the hardware is
more compact and inexpensive, and therefore more useable for a larger variety of
applications. The fact that they do not need to employ lasers (although they have this
capability) also increases the safety of the CW system. Lastly, within the above systems,
there are two additional options in terms of setup. While some use a cap that covers the
entire scalp, others use a sensory pad that is placed on the forehead, focusing solely on
frontal cortical activity.

The Drexel system is a CW-fNIRS system that has been successfully used in a
range of studies measuring brain activity during various cognitive tasks (Arenth, Ricker,

& Schultheis, 2007; Ayaz et al., 2012; Irani, Platek, Bunce, Ruocco, & Chute, 2007;
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Merzagora, Schultheis, Onaral, & Izzetoglu, 2011). It is comprised of three main

components: a flexible headpiece, a control box, and a computer. The headpiece holds the
fNIRS light sources/emitters and detectors/sensors; there are 4 light sources and 10 light
detectors that, together, provide 16 channels for analysis. The sources and detectors are
separated by 2.5 cm, which allows the near-infrared light to penetrate to a depth of
approximately 1.25 cm. The control box and computer function together in data
acquisition.
1.3 Advantages of fNIRS Over Current Methods for Studying Brain Activity in ADHD
fMRI has been used in an array of studies assessing prefrontal functioning in
ADHD. However, various technicalities associated with the technology hinder its use and
prevent it from being the ideal imaging method for use with this population. By contrast,
fNIRS has a variety of advantages over fMRI. Such advantages include the following:

*  Scanner Apparatus/Environment: fMRI involves a large apparatus for scanning

and requires that individuals lie as still as possible inside of a loud and confined
environment. Conversely, fNIRS is a compact, less restrictive, and quieter system.
Not only does this allow individuals to be tested in a more relaxed, ecologically
valid environment but provides flexibility and the opportunity for bedside use in
both clinical and research settings (Ehlis et al., 2008; Villringer, Plancka, Hock,
Schleinkoferc, & Dirnagla, 1993). Additionally, its compact size makes it more
portable and employable in a larger range of settings.

* Scanning Time: fMRI requires a relatively long scanning time. This poses a

problem when testing individuals diagnosed with ADHD, as symptoms such as

distractibility, impulsivity, and hyperactivity can make it difficult for them to
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endure the length of a long testing session (Schecklmann, et al., 2008). fNIRS

surpasses this barrier by requiring much less time for measurement.

Motion Susceptibility: fMRI—and similar functional imaging techniques —are

limited in that they are very sensitive to body movement. This can be
exceptionally problematic when testing individuals diagnosed with ADHD, who
are more prone to be distracted and/or hyperactive and unable to remain still
during scanning (Ehlis et al., 2008). Even small movements can lead to motion
artifacts in the obtained neurological scans, reducing accuracy of those scans
(Monden et al., 2012). By contrast, fNIRS is more robust to movement and
motion artifacts, which allows more flexibility for testing in naturalistic settings
that involve movement, when necessary (Ehlis et al., 2008). This technology has
even been employed with success in studies where body movement has been a
factor (Herrmann, Ehlis, & Fallgatter, 2004; Herrmann, Plichta, Ehlis, &
Fallgatter, 2005; Hock et al., 1997; Matsuo, Kato, Fukuda, & Kato, 2000; Matsuo
et al., 2003; Shinba et al., 2004; Suto, Fukuda, Ito, Uehara, & Mikuni, 2004; as
cited in Monden et al., 2012).

Expense: fNIRS is a more affordable system than other technologies. This, in
turn, makes it a more accessible system to researchers.

Unique Capabilities: While fMRI only detects changes in HHb, fNIRS is able to

detect changes in both HHb and HbO, (and the ratio between them) as well as
cytochrome aa,, an enzyme of the respiration chain (Fallgatter, Ehlis, Wagener,

Michel, & Herrmann, 2004; Obrig & Villringer, 2003; Strangman et al., 2002).
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This not only allows fNIRS to provide additional information but also provides a

unique signal and view of the hemodynamics of the brain.
Additionally, as previously discussed, both neuroanatomical anomalies and
neurocognitive deficits in ADHD occur largely within the PFC and nearby structures.
Therefore, fNIRS is an ideal assessment tool given the nature of the neuronanatomy
associated with the disorder, as it is currently able to penetrate cortical areas to measure
activity.
1 4 Present Study

In summary, while the current literature has touched on the individual aspects
central to the current study, none have combined these aspects into a single study.
Moreover, there are limiting factors involved in previous studies that were improved
upon in the present design. Such factors include limited use of neuropsychological tests
(i.e., using only one measure to gain an understanding about a large functional domain),
and use of neuroimaging technologies (mainly fMRI and PET) susceptible to hyperactive
movements that commonly occur in the ADHD population. In contrast, fNIRS may
actually be better suited to evaluating this population, as it provides a good measure of
frontal lobe activity (which is central to the cognitive dysfunction in ADHD), is robust to
movement (another issue for those diagnosed with the disorder), and can gather novel
information about cognitive and physiological functioning in ADHD (specifically
concerning the blood flow). Thus, the present study was designed to address some of the
above gaps that still remain in the literature. Aim 1 of the present study sought to
examine the differences in cognition and cerebral physiology between healthy

control (HC) adults and unmedicated adults with ADHD. If fNIRS can identify
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differences in prefrontal neural activity commensurate with differences in cognitive
functioning between healthy and clinical samples, this would lend support for the
application of fNIRS in the clinical assessment of physiological underpinnings of
neurocognitive disorders.

Additionally, although the current literature includes a considerable amount of
research assessing cognitive functioning in adults who are medicated for treatment of
ADHD, only one thus far has used fNIRS to measure brain activity during cognitive tasks
under both medicated and unmedicated states. Further, a clear understanding of the effect
of stimulant medication on brain physiology in adults with ADHD is also missing from
the present literature (and even literature for this in children and adolescents is limited).
Although studies have examined the effect that medication has on cognitive tasks, very
few have combined this with the physiology involved. Aim 2 of the present study
sought to examine the differences in cognition and cerebral physiology between
medicated and unmedicated states in adults with ADHD. The present study examined
functioning at the cognitive and physiological levels, as well as any correlations that
existed between these levels.

Formal Statement Of Proposed Study Aims
Aim 1. To examine the differences in cognition and cerebral physiology between
healthy control (HC) adults and adults with ADHD (when unmedicated).
Hypothesis 1: HC adults will perform significantly better on cognitive tasks than adults
with ADHD (when unmedicated).
Hypothesis 2: When completing cognitive tasks, unmedicated ADHD adults will show

lower levels of activation (i.e., lower levels of blood oxygenation) than HCs.
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Hypothesis 3: Hemodynamic activity, as detected by fNIRS, will be correlated with

cognitive performance.
Aim 2. To examine the differences in cognition and cerebral physiology between
medicated and unmedicated states in adults with ADHD.
Hypothesis 4: ADHD adults will perform significantly better on cognitive tasks when
medicated (i.e., they have taken their prescribed dosage of stimulant medication) than
when unmedicated.
Hypothesis 5: When completing cognitive tasks, ADHD adults will show higher levels
of activation (i.e., higher levels of blood oxygenation) when they are medicated than
when unmedicated.
Hypothesis 6: Hemodynamic activity, as detected by fNIRS, will be correlated with
cognitive performance.
2. METHOD

2.1 Participants

This study included 18 participants, ages 18-25 (M = 20.28, SD = 2.02), recruited
from Drexel University and the Philadelphia area.
2.1.1 ADHD Adults

Participants with ADHD included nine adults, ages 18-25 years (M = 20.33,SD =
2.29), who were diagnosed with ADHD by a psychologist or medical doctor and who had
an established treatment regimen of at least one month with ADHD medication. ADHD
diagnostic status was assessed with the Barkley Adult ADHD Rating Scale-1V (BAARS-

IV; Barkley, 2011). ADHD diagnosis was based on meeting DSM-IV-TR (APA, 2000)
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criteria, as surveyed by the BAARS-IV, followed by confirmation of the diagnosis from

the participant’s prescribing physician.
2.1.2 Age-, Gender-, and Education-matched Healthy Adults

Participants in this group included nine adults, each within 2 years of the
chronological age of a participant with ADHD and also matched on gender and education
level. The age range of this group was very similar to that of the ADHD group (range =
18-24 years, M = 20.22 years, SD = 1.86).
2.2 Measures

All study participants completed all of the following measures.
2.2.1 ADHD Screen

Participants were assessed with the following validated ADHD screen in order to
determine ADHD diagnostic status:

*  Barkley Adult ADHD Rating Scale-1V (BAARS-1V): The BAARS-IV (Barkley,

2011) is a screening tool for adults with ADHD (ages 18-89 years) that provides
self-assessment of symptoms and their impact on domains of daily function across
two time periods: current and childhood. It is based on DSM-IV-TR (APA, 2000)
diagnostic criteria and takes approximately 5-7 minutes to complete. Further, it is
normed by age group and retrospective report (i.e., presence of symptoms in
childhood), thus providing a reliable measure of meeting a diagnosis of ADHD in
adults.

* Participants with a positive screen were further evaluated by a follow-up

confirmation of diagnosis with their prescribing doctor.
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2.2.2 Intelligence

Participants were assessed with the following IQ measure to gather information
about their fundamental ability and what could be expected of their performance on the
cognitive tasks.

e Wechsler Adult Intelligence Scale—Fourth Edition (WAIS—IV): The two-subtest

version of the WAIS-IV (Wechsler, 2011) consists of Vocabulary and Block

Design subtests and takes approximately 25-30 minutes to administer. With high

reliability, this short form correlates well with the Full Scale 1Q and provides a

valid estimate of 1Q.
2.2.3 Cognitive Tasks

This study aimed to examine within-subject and between-group differences in
adults without and with ADHD (under medicated and unmedicated states), on measures
of cognitive performance, namely on measures of working memory. Thus, we selected
the Sternberg Delayed Recognition Task (Sternberg, 1966) and a visual n-back task, two
tests commonly used to assess these functions (Sternberg, 1966). One benefit of using
these tasks is that they are common to previous imaging studies with ADHD samples.
Another benefit of using these tasks is that they are known to engage and activate the
PFC (Manoach et al., 1997; Molteni, Butti, Bianchi, & Reni, 2008; Narayanan et al.,
2005; Owen, McMillan, Laird, & Bullmore, 2005), a cortical area in which fNIRS is fully
capable of measuring activity. The following cognitive tests were administered to each

participant while connected to the fNIRS apparatus.
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2.2.3.1 N-Back Task

The n-back is a task that has been widely used to assess working memory (Owen
et al., 2005). More specifically, the n-back involves three load conditions in which
stimuli are single, upper-case consonants presented in pseudo-random sequence on a
computer monitor. Participants were asked to view the computer screen and press a
specified button with their dominant hand for any stimulus that is a repeat of the same
letter presented “n” positions ago (with “n” equal to 0-, 1-, and 2-positions ago). Thus,
for the 0-back condition, participants were asked to press a button as soon as the stimulus
target letter (e.g., “X”’) appeared on the screen. In the 1-back condition, participants were
instructed to press a button as soon as they identified any stimulus matching the letter
presented immediately before it (i.e., the target was one presentation back). For example,
participants would press a button when they saw an “M” immediately following another
“M.” In the 2-back condition, participants were instructed to press a button as soon as
they identified any stimulus matching a letter shown two presentations back. For
example, participants would press a button when they saw an “M” that appeared two
presentations after a previous “M.” Participants were instructed not to press any buttons
when a nontarget stimulus letter was presented.

In this study, participants were provided with on-screen instructions (7.5 second
duration) regarding the task condition (0-, 1-, or 2-back) to be performed at the start of
each block. Each block was comprised of 20 stimuli total (6 targets and 14 nontargets).
Stimulus duration was 0.5 seconds, interstimulus delay was 2.5 seconds, and each block
was followed by a 10 second rest period. The experiment protocol included five

presentations each comprised of a randomized order of one 0-back block, one 1-back
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block, and one 2-back block. Thus, each participant viewed a total of 15 blocks,

ultimately comprised of three 0-back, three 1-back, and three 2-back blocks total (see

Figure 1). Total test duration was approximately 20-25 minutes.
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Figure 1. N-back Protocol
In the visual n-back task three conditions were used to incrementally vary the working
memory load from zero items (0-back condition) to two items (2-back condition). Each of
the three conditions was presented five times total, in a randomized order.

2.2.3.2 Sternberg Delayed Recognition Task

The Sternberg Working Memory Task (Sternberg, 1966) is a brief (i.e.,
approximately 15-20 minutes) task that has been widely used to assess working memory
because it incorporates processes critical to working memory: simultaneous storage and
processing of information (Baddeley, 1986). In this task, participants were shown a

stimulus set comprised of a series of consonants on a computer screen. The task required
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participants to maintain the stimulus set in memory while differentiating target letters

from foils based on the probe that is presented after a brief delay (Figure 1). The task is
designed to capture performance across three memory loads of increasing difficulty (i.e.,
2-letter, 4-letter, and 6-letter stimulus sets). Reponses were made by having participants
press one pre-specified button when the probe was part of the original stimulus set (i.e.,
when it was a target) and a different pre-specified button when the probe was not part of
the original stimulus set (i.e., when it was a foil); the dominant hand was used for all
manual responses.

At the outset of this task, participants were provided with visual instructions (of
unlimited duration) about the task to be performed. Participants viewed a total of 54 trials
comprised of a randomized presentation of 18 2-letter stimulus sets, 18 4-letter stimulus
sets, and 18 6-letter stimulus sets across and within participants. Each trial consisted of a
2-second blank screen, followed by a 4-second stimulus set presentation, 0.5-second rest

period, and 1-second probe presentation (see Figure 2).
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Figure 2. Sternberg Protocol
In the Sternberg delayed recognition task, three conditions were used to incrementally
vary the working memory load (i.e., a 2-letter, 4-letter, and 6-letter stimulus sets). Each
of the three stimulus sets was repeated 18 times, in a randomized order. The figure lays
out an example of a trial with the 4-letter stimulus set.

Performance on both the Sternberg and N-back tasks is measured in terms of
reaction time (to target stimuli) and accuracy (% correct for both target and non-target
stimuli). These measures are significant to PFC function, as both reflect information
processing during working memory tasks; presumably, the faster and more accurately one
completes a task, the better the integrity of the PFC. Thus, for both tasks it is expected
that higher accuracy and lower reaction times will reflect better working memory

performance and, hence, better PFC function.
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2.3 fNIRS Instrumentation and Data Acquisition

2.3.1 Instrumentation

This study used a continuous wave fNIRS system to monitor PFC activity of
participants (as described in Ayaz et al., 2012). Chance et al. (1998, 1993) first described
this system and it has since been further developed at Drexel University (Philadelphia,
PA), manufactured and supplied by fNIR Devices LLC (Potomac, MD;
www.fnirdevices.com). The system is comprised of three main components: a flexible
headpiece (sensor pad), which holds light sources and detectors; a control box for

hardware management; and a computer that runs the data acquisition (Figure 3).

Light Detector

Light Source (LED)

Figure 3. fNIRS System Components
The components of the fNIRS system include: a flexible headpiece with light sources and
detectors, control box, and computer system, as shown above (image from Ayaz et al.,
2012).
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The positioning of light source and detectors on the sensor pad create a total of 16 active

optodes (channels) that are used to monitor neural activity specific to the dorsal and
inferior frontal cortices of the brain (Ayaz et al., 2006; Ayaz et al., 2012; Izzetoglu et al.,
2005). Each source emitted light at two different wavelengths in the near-infrared
spectrum (i.e., 730 and 850 nm) and measures of emerging light intensity were obtained
for each optode; sampling rate was 2 Hz. Changes in light absorption, as measured by
fNIRS at each of the two wavelengths, were converted to changes in concentration of
oxyhemoglobin (HbO,) and deoxyhemoglobin (HHb). COBI Studio software (Drexel
University) was used for data acquisition and visualization (Ayaz et al., 2011).
2.3.2 Data Acquisition and Processing

For each participant, raw fNIR data from each of the 16 optodes was filtered to
eliminate physiologically irrelevant data (e.g., respiration and heart pulsation effects) and
equipment noise, as previously described (Ayaz, Izzetoglu, Shewokis, & Onaral, 2010;
Izzetoglu et al., 2005). Each participant's data was checked for any potential saturation
(when light intensity at the detector was higher than the analog-to-digital converter limit),
coupling problems (hair trapped between optodes) and motion artifact contamination by
means of visual inspection and a coefficient of variation based assessment signal quality
assessment (Ayaz, [zzetoglu, Shewokis, & Onaral, 2010). Using time synchronization
markers, fNIR data segments for rest periods and task periods (5 repetitions per
participant for n-back task, 18 trials for the Sternberg task) were extracted. Average
oxygenation changes for each optode were calculated using the modified Beer-Lambert
Law (Obrig & Villringer, 2003; Villringer & Chance, 1997) for task periods with respect

to baseline rest periods preceding each task (Ayaz, 2010). For each repetition/trial of the
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given working memory task, oxygenation change (HbO, — HbR) data for each optode

was averaged according to the task workload (n-back: 0-,1-, and 2-back; Sternberg: 2-,
4-, and 6-letter) and was used as the dependent measure similar to previous reported
studies (Ayaz, Shewokis, Bunce, Schultheis, & Onaral, 2009; Ayaz et al., 2012; Ayaz,
Willems, et al., 2010; Izzetoglu et al., 2011; Izzetoglu, Bunce, Onaral, Pourrezaei, &
Chance, 2004). Subsequently, to obtain the average oxygenation changes for the DLPFC,
data from optodes 3-6 and 11-14 were averaged for each participant and used for

comparison purposes.
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2.4 Procedure

A summary of the study design and flow can be seen in Figure 4.
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Figure 4. Study Design
The study included two groups: adults with ADHD and healthy controls. Each group
proceeded through the study in a similar fashion, albeit steps surrounding consent and
medication washout for the ADHD group.
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24.1 Overview

Participants were recruited through flyers posted throughout Drexel University’s
campus and the surrounding Philadelphia community. Participants were tested at Drexel
University and told that they could change their mind about participating at any time. All
participants were compensated for participation with either extra credit (for
undergraduate students) or $10 (for individuals from the community).

Because of some procedural nuances that differ between ADHD and HC
participants, separate procedures are described below, as they relate to each group.
2.4.2 Procedure for ADHD Participants

ADHD participants completed two testing sessions, both occurring at Drexel
University: the first while unmedicated and the second while medicated. This part of the
procedure was not counterbalanced for a combination of methodological reasons. First,
the BAARS-IV needed to be completed in the first testing session in order to
appropriately classify ADHD and HC participants. Second, we wanted to get an accurate
measure of intellectual ability without the hindrance of cognitive dysfunction and so the
WAIS-IV needed to be completed during the medicated testing session. Third, to prevent
fatigue during testing, we wanted both study sessions to be roughly equal in length and
therefore the BAARS-IV (and other intake questionnaires) and WAIS-IV needed to be
completed in separate sessions, requiring the unmedicated/BAARS-IV/intake session to
always be completed first and the medicated/WAIS-1V session to be second. However,
measures were taken to prevent practice effects when comparing medicated to
unmedicated states within the ADHD group—and ensure that any differences in

performance or cerebral physiology were due to medication effects only —including
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randomizing the presentation of experimental stimuli for the cognitive tasks both within

and across participants, as well as incorporating a 10-14 day gap between testing
sessions. The following describes the procedures involved with this group in more detail.

To determine eligibility, all potential participants underwent a phone screen
interview prior to enrollment in the study. Using a prepared script, questions were asked
to ensure that neurological, medical, psychiatric, and other exclusion criteria were not
met. Eligible individuals were invited to join the study and informed consent was
obtained from all potential participants. Consent process took place over the phone, as the
ADHD participants were required to understand and agree to the procedures for cessation
of medication prior to their arrival to the first testing session, which was completed while
unmedicated.

Participants were then scheduled for the first session of the study. They were
instructed to not take their medication for at least 24 hours prior to the testing session to
allow the effects of the stimulant to wear off, thus providing a good measure of the
individual’s unmedicated performance. All participants were also asked to refrain from
other substances known to have an effect on regional cerebral blood flow (e.g., caffeine
intake, alcohol intake, and exercise) for at least 24 hours prior to their testing session to
prevent the effects these factors can have on fNIRS data (Laurienti et al., 2002; Levin et
al., 1998).

Upon arrival to the first testing session, ADHD participants underwent the
BAARS-IV (Barkley, 2011) ADHD screen to confirm ADHD diagnosis. Medical consent
was also obtained in order to verify the diagnosis with the participant’s prescribing doctor

following the testing session. Regarding medication regimen, information pertaining to
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medication type, dosage, and frequency of intake was carefully recorded. After having

completed the above, participants then proceeded to the testing.

During testing, participants were familiarized with—and connected to—the
fNIRS system for the completion of the cognitive tasks. A visual n-back task and the
Sternberg delayed recognition task were then explained and administered individually.
Each task included a practice session in order to ensure that the participant understood the
given task and was proficient in it before completing the experimental session.
Experimental stimuli for both tasks were randomized across trials.

The second testing session, (occurring 10-14 days after the first and
approximately the same time of day) was completed while ADHD participants were
medicated. During this session, participants first completed the two-subtest WAIS-IV and
were then re-familiarized with—and connected to—the fNIRS system for the completion
of the cognitive tasks (n-back and Sternberg tasks).

2.4.3 Procedure for Healthy Control Participants

Healthy control (HC) participants followed a very similar procedural flow as the
ADHD group. Eligibility was determined by the same phone screen interview prior to
being enrolled in the study and eligible individuals were invited to participant in the
study. All potential participants were asked to refrain from substances known to have an
effect on brain activity (e.g., caffeine intake, alcohol intake, and exercise) for at least 24
hours prior to their testing session.

Informed consent was obtained from potential participants upon their arrival for
the first testing session but prior to participating in the testing session. Those who met

criteria for inclusion in the study and completed informed consent were assessed with the
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BAARS-IV (Barkley, 2011) ADHD screen to ensure that they did not meet criteria for

ADHD. HC participants then proceeded to the testing session, which proceeded in the
same manner as described in the ADHD participant procedure (i.e., HC participants
completed the cognitive tasks while being connected to the fNIRS system).

Like the ADHD group, during the second session, participants first completed the
two-subtest WAIS-IV. Then, participants were re-familiarized with—and connected to—
the NIRS system for the completion of the cognitive tasks (n-back and Sternberg tasks).

3.RESULTS

Two sets of analyses were completed for each variable of interest: 1) unmedicated
ADHD participants compared to matched HC participants (only session 1 data for each
group were used in these analyses), and 2) unmedicated ADHD participants compared to
themselves when medicated. Session 2 data for the HC group was only used for the
purpose of checking for practice/fatigue effects across working memory tasks.

3.1 Participant Demographics

Demographic characteristics of the study participants are provided in Table 1. The
two groups did not differ significantly with respect to age (#(16) =0.11,p =0.91) or
education (#(16) =-0.74, p = 0.47), as tested by independent samples ¢-tests. Group
differences were also nonsignificant in performance on the WAIS-IV Vocabulary subtest
(#(16) =0.31, p =0.76), WAIS-IV Block Design subtest (#(16) =0.12,p =0.91) or
WAIS-IV FSIQ estimation (#(16) = 0.22, p = 0.83), suggesting that any differences noted
between the HC and unmedicated ADHD groups on cognitive tests could not be

attributed to differences in educational level and/or general intellectual ability.
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Table 1. Participant Demographics
Study participants were comprised of nine ADHD participants and nine age-, gender-,
and education-matched control participants. Participants were tested with a 2-subtest
WAIS-IV to estimate FSIQ. The table reports the mean (M) and standard deviation (SD).

ADHD HC

M +SD M +SD
Number of Participants 9 9
Education 14.67 = 1.87 14.11 £ 1.27
Age 2033 +2.29 20.22 + 1.86
WAIS-IV Vocabulary 13.44 +3.01 13.11 £1.27
WAIS-IV Block Design 10.78 +3.53 10.56 +4.33
WAIS-IV Estimated FSIQ 112.33 £ 16.78 110.67 £ 15.06

3.2 Cognitive Performance

Performance of the participants on the n-back and Sternberg tasks was evaluated
in terms of accuracy and reaction time. For the n-back task, accuracy was calculated as
the correct click ratio (d’), which was determined in the following way:

d’ = percent correct responses — percent incorrect responses

, < click to targets > < click to nontargets 100)
= — *
all possible nontargets

all possible targets i

For the Sternberg task, accuracy was calculated as the percentage of probes correctly
identified. For both tasks, reaction time was measured by how long (in milliseconds) it
took for the participant to respond to a target stimulus or probe, depending on the task.

Potential practice effects on the n-back and Sternberg tasks were evaluated with
data collected across testing sessions in the HC group. Contrasts of working memory
performance between the first and second testing sessions revealed significant main
effects of load on the performance measures of both the n-back (accuracy: F(2, 16) =

25.78, p < 0.001; target reaction time: F(2, 16) = .506, p < 0.05) and Sternberg (accuracy:

F(2,16) =5.52, p <0.05; reaction time: F(1.24,9.89) =29.85, p <0.001, Greenhouse-



31
Geisser correction applied) tasks, but no significant differences in cognitive parameters

between sessions (n-back accuracy: F(1,8) =1.55, p = 0.249; n-back target reaction time:
F(1,8)=4.49, p =0.07; Sternberg accuracy: F(1, 8) =0.54, p = 0.48; Sternberg reaction
time: F(1,8)=0.03, p =0.86). Thus, results suggest there were no effects of prior
exposure on later performance of these working memory variables in the context of this
study.

3.2.1 N-back Performance

Accuracy

For effects between the HC and unmedicated ADHD groups, accuracy (d’) was
analyzed utilizing a 2 x 3 ANOVA (group: HC, unmedicated ADHD; load: 0-back, 1-
back, 2-back) with repeated measures on load. The main effect of load (F(2, 32) =43.07,
p < 0.001) reached significance, but no effect of group (F(1, 16) =1.26,p =0.28) or of a
load by group interaction was observed (F(2, 32) =0.48, p = 0.63). The effect of load
was such that participants were less accurate as task difficulty increased (participants
were significantly less accurate on the 1-back compared to the 0-back condition, the 2-
back compared to the 1-back, and the 2-back compared to the 0-back).

For effects comparing medicated to unmedicated states within the ADHD group,
accuracy (d’) was analyzed utilizing a 2 x 3 ANOVA (medication: on, off; load: 0-back,
1-back, 2-back) with repeated measures on both factors. Similar to between group
analyses, the main effect of load (F(2, 16) = 23.27, p < 0.001) reached significance, but
no effect of medication (F(1, 8) =0.13, p =0.29) or of a load by medication interaction
was observed (F(2, 16) = 1.34, p = 0.34). The effect of load was such that, irrespective of

medication condition, participants were significantly less accurate on the 1-back
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compared to the 0-back condition and on the 2-back compared to the 0-back; there was

no difference in performance between the 1- and 2-back conditions. Figure 5 presents the

n-back accuracy data for both of these sets of comparisons.
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Figure 5. Accuracy on the N-back Task
Correct response ratio (d”) for HC participants and for ADHD participants on and off
medication, at 3 n-back loads: 0-back, 1-back, and 2-back. This figure represents 2 sets of
analyses: 1) comparison of HC and unmedicated ADHD adults and 2) comparison of
unmediated and medicated states within ADHD adults. In comparing HC and
unmedicated ADHD groups, there was a significant main effect of load but not of group,
and there was no load by group interaction. In comparing on and off medication within
the ADHD group, there was also significant main effect of load but not of medication
state, and there was no load by medication interaction.

Reaction Time

Target reaction time was analyzed between the HC and unmedicated ADHD
groups using a 2 x 3 ANOVA (group: HC, unmedicated ADHD; load: 0-back, 1-back, 2-
back) with repeated measures on load. The same parameter was analyzed between

medicated and unmedicated states within the ADHD group using a2 x 3 ANOVA
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(medication: on, off; load: 0-back, 1-back, 2-back) with repeated measures on both

factors. Comparisons showed main effects of load in both the HC vs. unmedicated
ADHD (F(1.07,8.55) =9.71, p < 0.05, Greenhouse-Geisser correction applied) and
ADHD on vs. off medication (F(1.04, 16.60) = 6.75, p < 0.05, Greenhouse-Geisser
correction applied) analyses. Participants were slower to respond on the 1-back compared
to the 0-back condition and on the 2-back compared to the 0-back, regardless of group
membership or medication condition within the ADHD group. There were no main
effects of group (F(1, 16) =0.08, p = 0.79) or medication (F(1, 8) =0.08, p =0.79), nor
interactions in either set of comparisons (HC vs. unmedicated ADHD: F(1, 16) =2.70,p
=0.12; unmedicated ADHD vs. medicated ADHD: F(2, 16) =0.34,p =0.71). Figure 6

presents the n-back target reaction time data for both sets of analyses.



34

600 |

S S %]
[<} [V o
o o o

Target Reaction Time (ms)
g

250

0-back 1-back 2-back
N-Back Load

| BHC MUnmedicated ADHD M Medicated ADHD I

Figure 6. Target Reaction Time on the N-back Task
Target reaction time (ms) for HC participants and for ADHD participants on and off
medication, at 3 n-back loads: 0-back, 1-back, and 2-back. This figure represents 2 sets of
analyses: 1) comparison of HC and unmedicated ADHD adults and 2) comparison of
unmediated and medicated states within ADHD adults. In comparing HC and
unmedicated ADHD groups, there was a significant main effect of load but not of group,
and there was no load by group interaction. In comparing on and off medication within
the ADHD group, there was also a significant main effect of load but not of medication
condition, and there was no load by medication interaction.

3.2.2 Sternberg Delayed Recognition Performance

Accuracy

HC and unmedicated ADHD comparisons of accuracy were completed using a 2 x
3 ANOVA (group: HC, unmedicated ADHD; load: 2-letter, 4-letter, 6-letter) with
repeated measures on load. Results revealed a main effect of load (F(2,32) =5.72,p <
0.01) but not group (F(1, 16) =0.56, p = 0.47). However, there was a significant load by
group interaction (F(2, 32) = 3.69, p < 0.05). An analysis of simple main effects of this
interaction was nonsignificant for differences in accuracy between on and off medication

performance at each Sternberg level; this is likely due to lack of power associated with
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the small sample size. Simple pairwise comparisons (independent samples z-tests) were

completed to further investigate medication differences but were nonsignificant (2-letter:
1(16) =-1.75, p = 0.10; 4-letter: #(16) = -1.64, p = 0.12; 6-letter: #(16) = 1.14,p = 0.27).
Sternberg accuracy between unmedicated and medicated states within the ADHD
group were compared using a 2 x 3 ANOVA (medication: on, off; load: 2-letter, 4-letter,
6-letter) with repeated measures on both factors. No significant main effects of load (F(2,
16) = 3.36, p = 0.06) or medication condition (F(1, 8) =2.29, p =0.17) were detected in
the ADHD on and off medication analysis and there was no load by medication condition
interaction (F(2, 16) = 2.14, p = 0.15). Figure 7 presents the Sternberg accuracy cognitive

data.
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Figure 7. Accuracy on the Sternberg Delayed Recognition Task
Accuracy (% correct) for HC participants and for ADHD participants on and off
medication, at 3 Sternberg loads: 2-letter, 4-letter, and 6-letter. This figure represents 2
sets of analyses: 1) comparison of HC and unmedicated ADHD adults and 2) comparison
of unmediated and medicated states within ADHD adults. In comparing HC and
unmedicated ADHD groups, there was a significant main effect of load but not of group,
and there was a load by group interaction. In comparing on and off medication states
within the ADHD group, there were no significant main effects of load or medication
condition and there was no load by medication interaction.

Reaction Time

HC and unmedicated ADHD groups were compared via a 2 x 3 ANOVA (group:
HC, unmedicated ADHD; load: 2-letter, 4-letter, 6-letter) with repeated measures on
load. There was a significant main effect of load (F(2, 32) = 20.22, p < 0.001) but not of
group (F(1, 16) = 1.06, p =0.32) and no interaction was present (F(2, 32) =0.66, p =
0.52). The effect of load was due to increased reaction times with increasing difficulty.

The ADHD group (on vs. off medication comparison) was analyzed viaa 2 x 3
ANOVA (group: unmedicated, medicated; load: 2-letter, 4-letter, 6-letter) with repeated

measures on load. This revealed a main effect of load (F(2, 16) = 19.16, p <0.001) but



37
not medication condition (F(1, 8) =0.36, p = 0.56). However, there was a load by

medication interaction (F(2, 16) = 7.10, p < 0.05). Simple main effects analysis of the
interaction yielded no significant difference in reaction time between medication status at
each Sternberg load; power may have been insufficient. Supplemental paired #-tests were
also nonsignificant (2-letter: #8) = 1.27, p = 0.24; 4-letter: #8) = 1.46, p = 0.18; 6-letter:
#(8) =-0.60, p = 0.57). Figure 8 presents the Sternberg reaction time data based on

cognitive performance.
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Figure 8. Reaction Time on the Sternberg Delayed Recognition Task
Reaction time (ms) for HC participants and for ADHD participants on and off
medication, at 3 Sternberg loads: 2-letter, 4-letter, and 6-letter. In comparing HC and
unmedicated ADHD groups, there was a significant main effect of load but not of group,
and there was no load by group interaction. This figure represents 2 sets of analyses: 1)
comparison of HC and unmedicated ADHD adults and 2) comparison of unmediated and
medicated states within ADHD adults. In comparing on and off medication status within
the ADHD group, there was also a significant main effect of load but not of medication
condition, and there was a load by medication interaction.



3.2.2 Summary of Cognitive Findings

Table 2 summarizes all cognitive findings within the current study.

38
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3.3 Physiological Data

Baseline-corrected values of oxygenation changes (HbO, — HbR; measured in
micromolars) during the cognitive tasks were compared between the unmedicated ADHD
and HC group using repeated measures 2 x 3 ANOVAs. It was not expected that there
would be differences in lateralization of oxygenation changes and separate preliminary
analyses of this parameter in left and right hemispheres confirmed this. Thus,
oxygenation changes in left (optodes 3-6) and right (optodes 11-14) DLPFC regions were
combined in the analysis of fNIRS data recorded during performance of each cognitive
task.

3.3.1 N-back fNIRS Data

A comparison between n-back task-related oxygenation changes in the HC and
unmedicated ADHD groups showed no significant main effect of load (F(1.27,20.35) =
0.81, p =0.41, Greenhouse-Geisser correction applied) or of group (F(1,16)=0.58,p =
0.46), nor was there a significant load by group interaction (F(2,32) = 1.36,p =0.27).

Comparison between n-back task-related oxygenation changes in the medicated
and unmedicated states within the ADHD group revealed significant main effects of load
(F(2,14) =5.87, p <0.05) but not medication condition (F(1,7) =0.41, p =0.54), and
there was no load by medication condition interaction (¥(1.04,7.30) =3.15,p=0.12,
Greenhouse-Geisser correction applied). The effect of load was such that, irrespective of
medication condition, participants’ blood oxygenation levels were significantly lower
during the 1-back compared to the 0-back condition and on the 2-back compared to the 0-

back; there was no difference in performance between the 1- and 2-back conditions.
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Figure 9 depicts the hemodynamic changes for each group during cognitive performance

on each n-back condition.
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Figure 9. Hemodynamic Response During the N-Back Task
Oxygenation changes elicited in the DLPFC by the 0-back, 1-back, and 2-back load
conditions of the n-back task. This figure represents 2 sets of analyses: 1) comparison of
HC and unmedicated ADHD adults and 2) comparison of unmediated and medicated
states within ADHD adults. In comparing HC and unmedicated ADHD groups, there
were no significant main effects of load or group, and there was no load by group
interaction. In comparing medication status within the ADHD group, there was a
significant main effect of load but not of medication condition, and there was no load by
medication condition interaction. Note: Medicated ADHD averages do not include 1
participant’s values (no data available).

3.3.2 Sternberg Delayed Recognition fNIRS Data

Comparison between Sternberg task-related oxygenation changes in the
medicated and unmedicated states within the ADHD group revealed no significant main
effects of load (F(2, 12) =0.67, p = 0.53) or medication condition (F(1,6) =0.95,p =

0.37), and no load by medication condition interaction (F(2, 12) = 3.94, p = 0.05).
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As with the n-back, comparison between Sternberg task-related oxygenation

changes in the HC and unmedicated ADHD groups showed no significant main effects of
load (F(1,15)=0.38, p =0.69) or group (F(1, 16) =0.62, p = 0.44), nor a significant load
by group interaction (F(2,30) =0.92, p =0.41). Figure 10 depicts the hemodynamic

changes for each group during cognitive performance across Sternberg loads.
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Figure 10. Hemodynamic Response During the Sternberg Delayed Recognition Task
Oxygenation changes in the DLPFC elicited by the retrieval trials of the 2-letter, 4-letter,
and 6-letter load conditions of the Sternberg delayed recognition task. This figure
represents 2 sets of analyses: 1) comparison of HC and unmedicated ADHD adults and 2)
comparison of unmediated and medicated states within ADHD adults. In comparing HC
and unmedicated ADHD groups, there were no significant main effects of load or group
and there was no load by group interaction. In comparing on vs. off medication in the
ADHD group, there were no significant main effects of load or medication condition and
there was no load by group interaction. Note: Medicated ADHD averages do not include
values for 2 participants and unmedicated ADHD averages do not include 1 participant’s
values (no data available).
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3.4 Correlational Results

The relationship between changes in cognitive performance (accuracy and
response time) and the theoretically expected changes in hemodynamic response
(oxygenation) on both the n-back and Sternberg tasks was directly investigated by means
of parametric correlations (Pearson’s r) and performed separately for the HC, ADHD-
unmedicated, and ADHD-medicated groups. No significant relationships were found (see
Tables 3A-C). Given the known limitations with fNIRS and the small sample size, it is

not surprising that there are non-findings in the correlational data at this point.

Table 3. Correlations Between Cognitive and Hemodynamic Variables
Pearson's r and p values reported for each correlational analysis for HC (A), unmedicated
ADHD (B), and medicated ADHD (C) groups. Correlations were assessed between the
hemodynamic response (change in oxygenation) and performance variables (accuracy
and reaction time) during cognitive tasks. All results were nonsignificant.

(A) HC Group

Change in Oxygenation (uM)

Test Variable Load r p

N-back Accuracy 0 0.32 0.40
1 -0.05 0.89

2 0.09 0.82

Target Reaction Time 0 -0.07 0.86

1 0.27 0.49

2 0.12 0.76

Sternberg  Accuracy 2 0.09 0.83
4 0.19 0.63

6 0.02 0.97

Reaction Time 2 -0.20 0.60

4 0.08 0.84

6 -0.62 0.08

Note: Degrees of freedom =7



(B) Unmedicated ADHD Group

Change in Oxygenation (uM)

Test Variable Load r p

N-back Accuracy 0 -0.04 0.93
1 0.51 0.16

2 -0.39 -.30

Target Reaction Time 0 -0.28 0.46

1 -0.28 0.46

2 0.54 0.13

Sternberg  Accuracy 2 0.33 042
4 0.17 0.68

6 -0.07 0.86

Reaction Time 2 -0.69 0.06

4 -0.05 0.90

6 -0.33 0.42

Note: N-back Degrees of freedom = 7; Sternberg Degrees of freedom = 6

(C) Medicated ADHD Group

Change in Oxygenation (uM)

Test Variable Load r )

N-back Accuracy 0 -0.56 0.15
1 -0.05 091

2 -0.02 0.97

Target Reaction Time 0 0.05 091

1 -0.06 0.88

2 -0.13 0.76

Sternberg  Accuracy 2 0.32 0.48
4 0.39 0.38

6 -0.38 0.40

Reaction Time 2 -0.51 0.25

4 0.63 0.13

6 0.04 0.93

Note: N-back Degrees of freedom = 6; Sternberg Degrees of freedom = 6
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4. DISCUSSION

4.1 Findings and Implications

The aims of this study were to examine within-subject and between-group
differences in cognitive performance and cerebral physiology (measured with fNIRS)
among adults with ADHD compared to healthy controls and compared to themselves
when on versus off medication during working memory tasks. Although some previous
research has separately examined cognitive and physiological differences between
healthy and ADHD groups, and other research has examined the effect that medication
has on cognitive task performance in ADHD, very few have combined the cognitive
aspects with the physiology involved, particularly with the use of fNIRS. Additionally,
there still remain uncertainties about the impact of stimulant medications on
physiological changes in the ADHD brain, which we set out to investigate in this study.

While few statistically significant differences were noted within and between
these groups, several important trends in the data are worth noting. For instance, with
respect to cognitive performance, results unsurprisingly revealed that unmedicated
ADHD adults performed most poorly, with the medicated ADHD adults performing
better but yet not as well as healthy control participants. Further, this study showed that
the same adults with ADHD demonstrated some degree of improvement on aspects of
working memory when they completed these same tasks while medicated. The
improvements noted for the medicated adults with ADHD resembled an overall level of
working memory ability comparable to healthy control participants such that medicated
ADHD adults demonstrated reaction times and accuracy rates on par with those

demonstrated by healthy controls. Together, these findings suggest that stimulant
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medications improve working memory-related cognitive functions and are consistent
with improvements demonstrated in other studies (e.g., Agay et al., 2010; Biederman et
al., 2008; Topaloglu et al., 2008; Swanson et al., 2011).

With respect to physiological states in the PFC during working memory tasks,
trends revealed that hemodynamic changes in the PFC within and across tasks were quite
variable, dependent upon the group. In general, unmedicated ADHD adults demonstrated
the greatest degree of variation in oxygenation changes in many task loads (i.e., larger
range of values), compared to both themselves when medicated and the control group.
This supported our predictions regarding the cognitive performance expectations for each
group; that is, without medication, the ADHD brain functions less efficiently than the
healthy brain, showing improvement when medicated. Outside of this trend,
physiological changes did not correspond to changes in cognitive performance across
groups, as originally expected; however, there was still an observable positive effect of
medication on cognitive functioning, as seen in the cognitive data. Thus, this may be
indicative of other possible mechanisms by which stimulant medications act that have yet
to be addressed in the ADHD literature.

4.1.1 Cognitive Performance

The cognitive tasks included in this study were designed to measure specific
aspects of working memory and ultimately provided insight into a performance profile of
strengths and weaknesses demonstrated by unmedicated adults with ADHD as compared
to themselves when medicated as well as to healthy controls. Generally speaking, there
was a great deal of variability and inconsistency within and across parameters of working

memory, resulting in a lack of significant findings for group comparisons. However, this
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study was not without significant results. Though not central to the aims of this study,

task load consistently impacted both accuracy and reaction time performance in all
groups, in agreement with the literature (e.g., Ayaz et al., 2012; Cairo, Liddle,
Woodward, & Ngan, 2004; Miller, Price, Okun, Montijo, & Bowers, 2009; Sternberg,
1969). Thus, the cognitive tasks sufficiently challenged participants as they were
designed to do, and as expected, results showed that regardless of clinical diagnosis or
medication status, increased task demands hinder working memory performance.

Of note, there were a few paradoxical conditions that resulted in surprising
findings for within- and between-group comparisons. First, accuracy on the 1-back load
of the n-back task showed that ADHD performance dropped slightly when medicated.
Second, reaction time results across the entire n-back task were quite unexpected: all
groups showed a general decrease in reaction time with increasing task load and ADHD
participants exhibited longer reaction times when medicated compared to when they were
unmedicated. This may, in part, be explained by anticipatory response mechanisms,
particularly for the ADHD group, as has been demonstrated in previous work (Perchet,
Revol, Fourneret, Mauguiere, & Garcia-Larrea, 2001). Lastly, both accuracy and reaction
time in the 6-letter load of the Sternberg revealed unexpected results regarding group
performance: ADHD participants performed better than controls and ADHD participants
performed better when unmedicated than medicated. It should be noted that the reason for
these unexpected results could not be identified by review/analysis of data acquisition
procedures.

Despite the nonsignificant, complicated, and somewhat paradoxical cognitive

findings mentioned above, meaningful patterns in working memory functioning still
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emerged. Working memory performance was measured via accuracy and reaction time,
both reflecting cognitive ability and processing speed in this functional domain.
Specifically, accurate information processing takes time and effort and therefore, the
faster and more accurately one is able to complete a task, the greater the cognitive
strength of one’s PFC (Luce, 1986; Sternberg, 1969; Townsend & Ashby, 1983). General
trends across these parameters suggest that adults diagnosed with ADHD struggle with
storage and retrieval aspects of working memory, yet respond favorably to stimulant
medications that are designed to promote function more similar to healthy peers.
Moreover, when unmedicated, adults with ADHD tend to demonstrate slower (and hence
poorer) processing speed during working memory tasks compared to their healthy
counterparts, similar to other adult ADHD studies (Biederman et al., 2008; Topaloglu, et
al., 2008).

The deficits described above are not unique to the adult ADHD population.
Similar neuropsychological deficits in working memory and other cognitive domains
have been identified across the lifespan (as reviewed in Swanson, et al., 2011). Although
it has a lifetime trajectory, ADHD is typically conceptualized as a neurodevelopmental
disorder beginning in childhood and examinations of its etiology have indicated that
development of the cortical surface is delayed in the PFC in children with ADHD (Shaw
et al., 2007; Shaw et al., 2012). This has led to a model of the disorder characterized by
an early delay in brain development (particularly in frontal gray matter), rather than an
overall or more sustained alteration in frontal lobe development, as the leading factor
producing ADHD symptoms. Studies expanding these findings into adulthood do not yet

exist, but it is possible that these early delays produce long-lasting cortical abnormalities
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that are then seen in adulthood as cognitive deficits, which would be consistent with the

pattern of cognitive results observed in this study.

It has already been well established that, even in the healthy brain, the frontal
lobes demonstrate a protracted pattern of development compared to other neural regions,
and continue to develop into the third decade of life (e.g., Durston et al., 2001; Romine &
Reynolds, 2005; Sowell, Thompson, Tessner, & Toga, 2001). These neuroanatomical,
neurophysiological, and neurochemical changes correlate with the emergence of the
capacity to acquire the skills necessary for higher cognition (Grattan & Eslinger, 1991).
Combining this with the model of delayed frontal gray matter development in ADHD, it
is possible that the ADHD brain is at an even greater disadvantage in its development
across the lifespan and perhaps the frontal lobes remain more anatomically variable and
underdeveloped into adulthood compared to healthy individuals, further hindering the
working memory skills among those with the disorder.

Fortunately, intake of stimulant medication has repeatedly been shown to improve
working memory performance in the ADHD population, and this was demonstrated in the
current study as well. Specifically, performance in both accuracy and reaction time
parameters in the medicated ADHD group not only improved from their unmedicated
state, but also resembled the performance level of healthy controls, aligning with
previous work in the field (Kobel et al., 2009). Thus, the positive impact of medication is
clear from a cognitive perspective; however, the specific mechanism(s) by which it acts

and the neurophysiological effects it has remains unclear.
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4.1.2 PFC Activation

From a blood flow perspective, patterns of cerebral activation were inconsistent
during both working memory tasks. Oxygenation changes in the PFC across tasks were
quite variable, dependent upon the group and load, with no detectable trends of statistical
significance; this was especially true of the ADHD group. Importantly, the HC group
displayed some notable trends. A positive relationship between increasing workload and
oxygenation in the DLPFC was observed during the n-back task (in agreement with both
fNIRS and fMRI studies of healthy individuals; e.g., Braver et al., 1997; Ayaz et al.,
2012; Izzetoglu et al., 2005) and there was a negative relationship observed between
increasing workload and oxygenation in the DLPFC during the Sternberg task. Thus,
inconsistencies in the ADHD findings may speak to the inefficient functionality of the
ADHD brain during working memory tasks (as described above). Furthermore, the
unmedicated ADHD group generally demonstrated greater variability across tasks
compared to the other groups, and variation within each of the groups themselves at each
load level was notable. For example, the average change in oxygenation during the 4-
letter Sternberg for the unmedicated ADHD group ranged from -0.0779 to 0.1571 pM
while the HC group and medicated ADHD group ranged from -.0293 to 0.0388 uM and
-0.0353 to 0.0576 uM, respectively. Given the inconsistent findings in the literature
concerning predictable changes in brain activation and the hemodynamic response (as
described in sections 1.1.1.2 and 1.1.3.2), the variability we found is not surprising. Some
studies have reported reduced levels of oxygenated blood during various cognitive tasks
including those in the adult ADHD brain compared to the healthy brain (e.g., Ehlis et al.,

2008; Schecklmann et al., 2009). However, these studies employed a different fNIRS
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system (ETG-4000, full head setup) and differences were identified in regions our system

was incapable of measuring. Beyond this, the literature remains impoverished and those
studies that do exist continue to find contradictory results. Additionally, conflicting
findings of oxygenation changes under the influence of medication have also been
reported (see Monden et al., 2012 and Topaloglu et al., 2008). To further complicate the
literature, null group findings similar to those in this study have been found in prior work
(Kobel et al., 2009; Schecklmann et al., 2010). For instance, Kobel et al. (2009) found
that intake of Methylphenidate (MPH) led to a clear improvement on a behavioral level
but this effect was not reflected in corresponding changes in functional brain
organization.

Although there is no one explanation for these findings, additional suggestions
can be made for the interpretation of the pattern of results. One possibility rests on the
currently accepted way of conceptualizing of the brain as a collection of interconnected
networks, rather than on a one-to-one correspondence between brain structure and
cognition. Although there is compelling evidence suggesting that frontostriatal
dysfunction may be central to the pathophysiology of ADHD, neuroimaging findings
point to distributed neural substrates, and there is now substantial evidence of structural
and functional alterations in regions outside the frontostriatal circuitry in ADHD
(Cherkasova & Hechtman, 2009). Imaging research has not only identified differences in
PFC activation during cognitive tasks, but also in more posterior cortical regions
including the parietal cortex, occipital lobe, and cerebellum (e.g., Hale, Bookheimer,
McGough, Phillips, & McCracken, 2007; Kobel et al., 2008; Schweitzer at al., 2000; Silk

et al., 2005; Valera, Faraone, Biederman, Poldrack, & Seidman, 2005; Vance et al., 2007;
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Wolf et al., 2008). It is possible that the biggest (and therefore more easily detectable)

physiological differences occur within posterior regions that were not captured in this
study. Having only investigated one part of the network implicated in ADHD, we may
have overlooked a larger process at work. This is not to say that there are no
physiological differences that occur in the PFC, simply that any differences were not
large enough to be detected within the current sample. Although we can only speculate at
this point, the current data, viewed in the context of the broader literature, suggests this as
one strong possibility.

Additionally, the theory of cognitive reserve (Barnett, Salmond, Jones, &
Sahakian, 2006) may help further explain our unexpected fNIRS findings. Sumowski and
colleagues (2010) cited various studies that have consistently indicated intellectual
enrichment (estimated with education or vocabulary knowledge) as a protective factor
against cognitive impairment in other clinical populations including Alzheimer’s disease
(Stern, Alexander, Prohovnik, & Mayeux, 1992; Alexander et al., 1997; Bennett et al.,
2003; Stern, 2006; Roe et al., 2008), stroke (Elkins et al., 2006), and multiple sclerosis
(MS; Sumowski, Chiaravalloti, & DeLuca, 2009; Sumowski, Chiaravalloti, Wylie, &
DeLuca). Intellectual enrichment ultimately enhances expression of the cognitive reserve
network, which in turn reduces the negative impact of neuropathology on cognition (i.e.,
individuals with greater expression of the cognitive reserve network can withstand more
severe brain disease before exhibiting cognition similar to patients with lesser network
expression). Furthermore, in their study, Sumowski, Wylie, DeLuca, and Chiaravalloti
(2010) conducted a similar working memory protocol to that of the present study and

found that, while reaction time was unrelated to intellectual enrichment in the MS
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population, intellectual enrichment was negatively associated with prefrontal recruitment,

indicating that patients with lesser enrichment required more cerebral resources to
perform the same cognitive task as patients with greater enrichment. In the present study,
participants ranged from having 13-18 years of education. Due to the enhanced level of
intellectual enrichment associated with an education at this level, it may be possible that
the ADHD individuals possessed as much cognitive reserve as their healthy counterparts
and therefore did not exhibit drastically different patterns of hemodynamic change (i.e.,
recruiting additional oxygen) during the cognitively demanding tasks.

However, ADHD has largely been conceptualized as a neurodevelopmental
disorder, and this may prevent an affected individual from necessarily having the ability
to develop strong neuronal/synaptic density —and therefore a cognitive reserve —
throughout development. Thus, cognitive reserve may not be acting alone. An
accumulating body of literature has indicated that early brain development is highly
responsive to environmental influences (Halperin & Healy, 2011), and that there exists a
relationship between exposure to environmental factors during neurodevelopment and
occurrence of ADHD-like symptomatology (Pamplona, Pandolfo, Savoldi, Prediger, &
Takahashi, 2009). Additionally, making modifications to the familial environment (e.g.,
partaking in cognitive training programs and social play groups for skill strengthening)
has been suggested as a possible preventive strategy to ADHD. Such resources have been
widely available for the present generation of individuals who are now young adults with
the disorder (first reported by Cameron & Robinson in 1980), and —though not

recorded —the participants in the current study may have been involved in similar
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intervention programs as children and adolescents, aiding in the development of their
cognitive reserve.

Although some have argued that fNIRS has better temporal resolution than fMRI
(Strangman, Culver, Thompson, & Boas, 2002), there are still limitations with its ability
to directly capture cognitive responses (such as reaction times) in milliseconds; for such
fast responses, EEG must be considered. For instance, fNIRS allows for the acquisition of
an indirect hemodynamic response associated with the neural response underlying a
cognitive task, rather than the immediate neural response itself. The signal measured by
fNIRS, the hemodynamic response function (HRF), is a metabolic—and thus indirect and
slow —correlate of neural activity. Peak response latencies are in the order of several
seconds following stimulus onset, with a plateau of several seconds (depending on
stimulus duration), and a slow return to baseline over 5-10 seconds or longer (Gervain et
al., 2011). Within the context of the current literature surrounding hemodynamic latency
in fNIRS, our study provides an additional factor that should be taken into consideration
when using fNIRS to investigate hemodynamic changes during cognitive tasks: the task
designs themselves. In both the n-back and Sternberg protocols, stimuli are presented so
closely to one another that each evoked response is overlapped with the prior and
following ones. Thus, in the present study, overlapping responses may have further
complicated the intrinsic time delay of fNIRS measurement. That is, the neural activation
we intended to measure may have occurred between the time neural processing was
initiated with stimulus onset and the time its metabolic correlate was recorded by the

fNIRS system.
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A second weakness of using HRF is highlighted by/in the work of Huppert and

colleagues (2006) who have posited that there exists a large degree of inter-subject
variance in response time-to-peak, which was observed in the present study. Diurnal
effects on brain activity have also been noted. Brinckman et al. (2012) observed variation
both within and across healthy participants completing typical daily activities (e.g.,
reading) across the span of a day (i.e., 8 hours). They concluded that individuals
experience different peaks and valleys of blood flow that change according to the time of
day, and the timing of these peaks and valleys can vary substantially between individuals.
Although participants in the current study completed both testing sessions at
approximately the same time of day, the inconsistent hemodynamic results may be a
reflection of diurnal variation across the sample, produced by different participants being
tested at different times from one another. Thus, our data demonstrate support for the
argument of physiologically based inter-subject differences as well as diurnal differences
in the hemodynamic response, which could ultimately impact the interpretation of group
comparisons.

Ultimately, unanswered questions remain in the literature concerning the
dynamics of the HRF in fNIRS. Currently, no such study exists that directly relates
cognitive and hemodynamic responses in a mathematical fashion. Many studies
acknowledge this shortcoming (e.g., Gervain et al., 2011; Huppert, Hoge, Diamond,
Franceschini, & Boas, 2006) but have yet to develop a strategy to resolve the issue.
Progress is being made to determine more precisely when the HRF peaks, but individual
differences and differences across brain systems remain. Efforts have been made toward

investigating and proposing methods for better standardizing the analysis of
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hemodynamic changes using fNIRS (e.g., Schroeter et al., 2004), but the literature still

lacks a definitive solution.
4.2 Limitations

A few limitations should be noted for a full understanding of the current findings.
Similar to previous imaging studies with this population, the primary limitation of this
study is the small sample size. Recruitment of ADHD adults was more difficult than
anticipated and complicated by the fact that potential ADHD participants were excluded
if they had been prescribed to take their medication only on an “as needed” basis. The
rationale for the use of this stringent exclusion criterion was to 1) increase the probability
of a reliable ADHD diagnosis, and 2) ensure that ADHD individuals included in the
study had a steady regimen of stimulant medication (and therefore were accustomed to
the daily benefits of it) that would lead to detectable cognitive and physiological changes
during the washout period. Ultimately, however, this criterion may have limited the
statistical power of results (by reducing sample size) and any null results should be
interpreted with caution. Despite this important limitation, there is still evidence that
supports meaningful and expected data trends in previous literature, as discussed above.

The validity of ADHD diagnostic status is another possible limitation to the
findings in this study. Because our diagnostic procedures for identifying the ADHD
sample versus the healthy control sample relied primarily on self-report, participants who
screened positive for ADHD may not have had a true diagnosis of the disorder. Follow-
up was completed with each ADHD participant’s prescribing doctor in order to obtain
collateral diagnostic information; however, the gold standard procedure for arriving at a

clinical diagnosis of ADHD in a physician’s office also relies only on patient self-report.
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Additionally, participants with different ADHD subtypes and comorbidities were

included in the study, increasing the heterogeneity of the ADHD group. Comorbidity of
diagnoses such as anxiety, depression, and specific learning disability are very common
with ADHD (Jensen, Martin, & Cantwell, 1997) and recruiting a patient sample
diagnosed with ADHD alone would be difficult as this rarely occurs. Further, such a
diagnostically “pure” group would not have been representative of the clinical disorder in
the general population. Concerning subtypes, prior research has shown that the impact of
stimulant medication does not differ based on diagnostic subtypes (Barkley, DuPaul &
McMurraym, 1991) and therefore the heterogeneity resulting from the inclusion of
different subtypes should not have impacted results. On the other hand, it is possible that
other factors within the ADHD sample influenced heterogeneity and, subsequently, our
results. For instance, the disorder has been previously described as neuropsychologically
heterogeneous (Sonuga-Barke, 2005; Sonuga-Barke, Sergeant, Nigg, & Willcutt, 2008)
such that it cannot be easily diagnosed by means of assessing deficits in executive
function or working memory. In addition to neuropsychological heterogeneity, there may
be physiological heterogeneity to consider. Multiple neurological pathways—particularly
compensatory pathways—might lead to similar cognitive outcomes. Thus, individuals
may differ in the physiological underpinnings of the disorder, yet still exhibit the same
degree of cognitive ability or disability, consequently making it difficult to identify a
specific dysfunctional network that applies to all affected individuals.
4.3 Future Research

Aforementioned explanations for a lack of group and medication effects in the

present study, coupled with similar problems noted in previous work, highlights the
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difficulties inherent in conducting imaging research with the adult ADHD population. As

a result, further research is required to better elucidate which specific components and/or
processes of working memory are impaired in ADHD and which factors contribute to and
modulate working memory function the most (ADHD subtype, cortical region,
medication, age, gender). Having a clearer grasp of these factors could produce a more
targeted approach to measuring specified areas of deficit, rather than continuing to take
the more global approach to understanding PFC functioning in ADHD.

To this end, future controlled studies should aim to parse out the above factors as
best as possible. For example, studies involving a larger cohort, and comparing
participants with ADHD only (if possible) to participants with ADHD and comorbid
disorders (e.g. depression, anxiety) is warranted. Additionally, despite the fact that the
literature to this point indicates no major functional differences in working memory
between ADHD subtypes, including an analysis of differences between ADHD
subgroups may also be informative with much larger samples.

Another direction for future research would be to include a control task that
targets an area of functioning known not to be negatively impacted in ADHD (e.g.,
language). This would be useful in comparing imaging data (i.e., how brain activity looks
during a task participants are able to successfully complete compared to a task they
struggle with) and ultimately strengthen future analyses and help identify how brain
physiology is altered in ADHD. Additionally, outside of examining pharmacological
interventions, investigating the effect of a neuropsychological treatment (e.g., a cognitive
training program) on cognitive functioning in ADHD could be informative in

determining if other treatments similarly affect (or lack an effect on) cognitive
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functioning in this population.

Lastly, this study is only one of a handful that have begun to explore the potential
application of fNIRS to clinical populations. Relative to other neuroimaging
technologies, fNIRS is still a new and developing technology. In order to better validate
the utility of fNIRS and its output, future studies comparing measurements of fNIRS with
a presently accepted approach (such as fMRI) on the same individuals completing the
same task should be conducted. fNIRS measurement has the potential to be a powerful
and useful tool for evaluation of neuropsychological disorders including ADHD; however

there are still gaps in the technology that need to be filled before moving to the clinic.
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