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Abstract

Objective—Psychostimulants are partially effective in reducing cognitive dysfunction
associated with attention-deficit/hyperactivity disorder (ADHD). Cognitive effects of guanfacine,
an alternative treatment, are poorly understood. Given its distinct action on apa receptors,
guanfacine may have different or complementary effects relative to stimulants. This study tested
stimulant and guanfacine monotherapies relative to combined treatment on cognitive functions
important in ADHD.

Method—Children with ADHD (n = 182; age 7-14 years) completed an eight-week double
blind randomized controlled trial with three arms: d-methylphenidate (DMPH), guanfacine
(GUAN), or combination treatment with DMPH and GUAN (COMB). A non-clinical comparison
group (n = 93) had baseline testing, and a subset was re-tested 8 weeks later (n = 38). Analyses
examined treatment effects in four cognitive domains (working memory, response inhibition,
reaction time, and reaction time variability) constructed from 20 variables.

Results—The ADHD group showed impaired working memory relative to the non-clinical
comparison group (effect size = —-0.53 SD units). The treatments differed in effects on working
memory but not other cognitive domains. Combination treatment improved working memory more
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than GUAN, but was not significantly better than DMPH alone. Treatment did not fully normalize
the initial deficit in ADHD relative to the comparison group.

Conclusion—Combined treatment with DMPH and GUAN yielded greater improvements in
working memory than placebo or GUAN alone, but the combined treatment was not superior to
DMPH alone, and did not extend to other cognitive domains. Although GUAN may be a useful
add-on treatment to psychostimulants, additional strategies appear necessary to achieve
normalization of cognitive function in ADHD.

Clinical trial registration information—Single Versus Combination Medication Treatment
for Children With Attention Deficit Hyperactivity Disorder; http://clinicaltrials.gov/;
NCT00429273
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is associated with educational and social
dysfunction in childhood and adolescence! and disability in adulthood that are likely
secondary to cognitive deficits?. There is consensus that ADHD is characterized by
enormous heterogeneity, without a unitary cognitive pathology, but there is less agreement
about the specific cognitive functions that are implicated due to both theoretical distinctions
in the definitions of functions, and methodological differences in how functions are
measured. At the group level, investigators agree that individuals with ADHD have
impairments in broad domains comprising: response inhibition; working memory and/or
executive functions (e.g., goal maintenance, interference control); processing speed; and
reaction time variability3~7, but individual differences are large across these domains. Some
investigators also identify impairments in arousal/activation or vigilance, temporal
information processing, memory span, and organization/planning functions*®.

Psychostimulants remain the mainstay of prescribed drug treatment for ADHD, and yield
cognitive benefits on some measures, but fall short of normalizing cognitive performance
deficits in ADHD®&?®. Given both the plurality and heterogeneity of cognitive deficits, diverse
cognitive responses could be expected to follow distinct mechanisms of action associated
with different treatments. Intervention research so far has focused almost exclusively on
psychostimulants, hypothesized to exert their effects via dopaminergic (DA) and
noradrenergic (NE) reuptake blockade, and it has been suggested these agents may have
effects primarily on vigilance functions with less impact on response inhibition, interference
control, or other executive functions?0.

Guanfacine, via its mechanism of action involving selective a,a receptor agonism, has been
shown to enhance prefrontal cortical function in rodents and non-human primates!1-13, and
improve working memory in normal adults after single dose administration14. These
observations have led to hypotheses about optimizing the balance of DA and a,a receptor
agonism to facilitate cognitive function, with the role of guanfacine particularly in the
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normalization of prefrontal activity as manifest in working memory, response inhibition, and
other cognitive control functions?®.

Clinical trials have examined the impact of guanfacine on clinician and parent/teacher
ratings of attention16:17, but so far there are sparse data on the cognitive consequences of
guanfacine treatment on cognitive functions in youth with ADHD. One study found no
significant effects of guanfacine on choice reaction time, digit symbol substitution, or spatial
working memory tests18. Functional magnetic resonance imaging (fMRI) and behavioral
data in healthy adults suggest possible effects of guanfacine on emotional regulation of
attention®, and a study in schizotypal personality disorder reported improvement on context
processing on a continuous performance test20. We are not aware of any studies yet
examining neurocognitive responses to guanfacine compared to stimulants or guanfacine in
combination with stimulants in children and adolescents with ADHD. This study aimed to
provide these data.

METHOD

This report is one of three companion papers. The other two papers describe the overall
clinical trial outcome (McCracken et al., under review) and the neurophysiological response
to treatment as assessed using electroencephalography (EEG; Loo et al., in press).

Participants

This paper focuses on the 182 participants who completed 8 weeks of treatment (given 212
who were randomized to treatment, and 207 who received at least one dose of study
medication; see Consolidated Standards of Reporting Trials [CONSORT] diagram, Figure 1,
McCracken et al., under review). Parents and participants provided written informed
permission and assent. All study procedures were approved by the University of California,
Los Angeles (UCLA) Institutional Review Board and overseen by a data safety and
monitoring board.

Inclusion criteria for patients were: 1) male or female aged 7-14 years; 2) DSM-/V ADHD
(any subtype) diagnosed by semi-structured diagnostic interview (Kiddie-Schedule for
Affective Disorders and Schizophrenia-PL41; KSADS-PL) and clinical interview; and 3)
Clinical Global Impression—Severity (CGI-S) score = 4 for ADHD.

Exclusion criteria for patients were 1) lifetime history of autistic disorder, chronic tic
disorder, psychosis, bipolar disorder, or structural heart defects; 2) current major depression
or panic disorder; 3) systolic or diastolic blood pressure > 95t or <5t percentile for age and
body mass index (BMI); 4) medical condition contraindicating stimulants or alpha agonists;
5) need for chronic use of other central nervous system medications.

A non-clinical comparison group (n = 93) comprised boys and girls aged 7-14 who had no
lifetime history of DSM-/V-TR Axis | mental disorders as determined by KSADS-PL and
clinical interview, who did not satisfy any of the exclusion criteria noted for patients above,
and who completed both baseline and follow-up assessments.

Further details are provided in McCracken et al (under review).
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Procedures

One hundred eighty-two (182) children and adolescents with ADHD completed an eight-
week double-blind randomized controlled trial with three arms: DMPH: d-methylphenidate
extended-release (5 — 20 mg/day; treated from baseline to 4 weeks with placebo (PBO), and
from week 4 to week 8 with DMPH); GUAN: guanfacine (1 — 3 mg/day for 8 weeks);
COMB: treated from baseline to week 4 with guanfacine, and then from week 4 to week 8
with the combination of guanfacine and DMPH. Treatments were masked by the use of
matching placebo capsules, and similar twice-daily study material administration. The study
design is further detailed in McCracken et al (under review). Mean final (week 8) daily
doses of DMPH were 16.0 (3.9) mg for DMPH and 15.1 (4.8) mg for COMB. Mean final
total daily doses of guanfacine were 2.2 (0.7) mg for GUAN and 2.4 (0.6) mg for COMB,
given twice daily. Mean mg/kg daily doses of guanfacine were 0.06 (0.03) mg/kg/d for both
guanfacine groups. We consider here the cognitive assessment results obtained at baseline
(week 0), midpoint (week 4), and endpoint (week 8). The main experimental design and
analysis strategy are based on the assumption that for all medications after 4 weeks the
participant has been titrated to their optimal dose(s), and that there are no further changes
expected beyond the effects achieved after 4 weeks on a given treatment (see also
McCracken et al). Participants were generally tested in the late morning or early afternoon
(after initial clinical ratings); testing was executed by trained examiners blind to clinical
history, clinical ratings, and treatment group assignment.

In the non-clinical comparison group, additional analyses focused on 38 individuals who had
both baseline testing and re-testing 8 weeks later, to permit direct estimation of test-retest
changes independently from treatment.

We constructed four cognitive domain scores (working memory, response inhibition,
reaction time, and reaction time variability) using 20 test variables derived from 10 tests,
based on a combination of a priori assignments of test variables to functional domains, then
exploratory and finally confirmatory factor analysis (CFA) to assess the validity of the
assignments. The specific test variables assigned to each cognitive domain are listed in Table
1. Each domain score was constructed as the mean of standardized scores on the
contributing variables.

Further descriptions of each of the neurocognitive tests, the specific variables used, and
references for these measures, are provided in Supplement 1: Neurocognitive Test Battery,
available online.

We analyzed treatment effects using generalized mixed models, with each of the cognitive
domain scores serving as the outcome in 4 separate analyses, and within-subject variables
including the time of the visit (baseline, week 4, or week 8), and medication at the time of
the visit (DMPH, GUAN, COMB, or PBO), and age as a covariate. To facilitate
interpretation of results, we computed each cognitive domain score as a standard score
relative to the mean and standard deviations of the non-clinical comparison group at
baseline. The reported cognitive domain scores are thus interpretable generally as reflecting
the difference (similar to Cohen’s d) between the actively treated patients and the non-
clinical comparison group.
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RESULTS

We conducted preliminary exploratory factor analyses on 409 participants with suspected
ADHD, chronic tic disorder, or Tourette disorder who underwent research assessments, and
93 non-clinical comparison participants who completed identical testing protocols. All
participants were 7 — 14 years of age. These analyses prompted slight revision of variables to
be included in domain scales, primarily to reduce cross-loadings on the a priori domains. For
confirmatory factor analysis, the number of cases with complete data across all variables
(n=209) was suboptimal (i.e., the structural equation model has 65 free parameters), so we
imputed missing data using the EM algorithm. The results revealed that most factors had
relatively good fit, but that these factors do not explain all the variability in the data (Chi
square =2757, CFIl = .79, RMSEA=0.13). We examined modification indices to determine
what cross loadings might improve the model fit, but none of these led to substantially
improved solutions. The correlation matrix including all variables used to construct the
domain scores, table of CFA weights, and structural equation model diagram are shown in
Tables S1 and S2 and Figure S1, available online.

Mixed Models Analysis

Results of the mixed models analyses are shown in Tables 2 and 3. Table 2 shows the
statistical effects, which include significant effects of age on each of the 4 cognitive domain
scores (serving as a validity check), and significant effects of visit on both reaction time
(RT) and reaction time variability (RTV), suggesting that the RT became faster and RTV less
variable over time across groups, independent of treatment. We also provide summary
statistics for the original variables (prior to standardization) for both the patients and non-
clinical comparison group at baseline in Table S3, available online.

The only significant effect of treatment was on the working memory (WM) cognitive
domain. Estimated marginal means were highest for COMB and DMPH, which did not
differ from each other; both COMB and DMPH scores were higher than the means for
GUAN and PBO (see Table 3). Table 3 shows the estimated marginal means for each of the
neurocognitive domain scores within each of the treatment conditions over time.

Table 3 shows that the estimated magnitude of WM impairment in the ADHD group relative
to the non-clinical comparison group was —.53 standard deviation (SD) units relative to our
non-clinical comparison group (see estimated marginal means at baseline), and that the
deficit was reduced under COMB (to —.25 SD) and DMPH (to —.30 SD), but there was no
reduction in the GUAN group (in fact, the WM deficit remained at —.53 SD by Week 4, and
was non-significantly worse at —.60 SD by Week 8). Table 3 also shows that Inhibition
(INH), RT Variability, and Reaction Time domains all tended to have small to moderate
impairments relative to our non-clinical comparison group at baseline, and to improve over
time in treatment, regardless of the treatment received.

Given that the cognitive domain scores were computed relative to our non-clinical
comparison group, we tested for differences between the subset of non-clinical comparison
group participants who completed a follow-up exam at 8 weeks, and those who did not. We
found that mean cognitive domain scores of the completers were within 1/10% SD unit of the
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whole group, and scores of the completers did not differ significantly from non-completers
for any cognitive domain score. We found small changes from baseline to follow-up for
those who completed both sessions, consistent with prior exposure or practice effects. The
difference was significant for the RT Variability domain score, which improved by .27 SD
units (F[1,36]=10.8, p<.01). The other cognitive domain scores showed smaller changes (in
SD units: WM = .11, INH = .03, RT =.19), none of which was statistically significant (all
p>.40).

DISCUSSION

Combined treatment with methylphenidate and guanfacine led to greater improvements in
working memory than guanfacine alone, but the combined treatment was not significantly
superior to methylphenidate alone, and benefits were not observed on other cognitive
domain scores for any of the treatments. These findings go beyond the one prior study that
examined cognitive effects of guanfacine alone on cognitive parameters in ADHD, and
found no significant effects on three cognitive tests despite improvement on clinical
ratings!®, highlighting a fundamental distinction between stimulant and a.2 agonist
treatments for ADHD. The current study corroborates the lack of efficacy of guanfacine on
cognitive outcomes as a monotherapy, and further suggests it does not benefit cognition as
an adjunct to stimulant treatment by direct comparison.

The lack of an advantage for the COMB treatment relative to DMPH alone, and the absence
of a cognitive benefit for guanfacine monotherapy, both suggest that guanfacine did not
provide a significant cognitive benefit for patients with ADHD. Our clinical findings
showing an advantage for the COMB treatment on ADHD clinical outcomes suggest that
behavioral gains associated with the addition of guanfacine are not reflected by changes in
cognition as measured in this study (see McCracken et al., under review). It is possible that
this discrepancy reflects guanfacine’s impact on cognitive functions not measured by our
test battery, such as emotional regulation of attention. It is also possible that the addition of
guanfacine yields more complex effects, for example a mixture of cognitive benefit but also
increased sedation, that ultimately cancel out benefits on our cognitive domain score, but
that yield reductions in clinical ratings of impulsive and/or inattentive behavior. A related
hypothesis is suggested by a recent study showing benefits of guanfacine relative to placebo
on clinically observed symptoms, but not cognitive indicators of inhibition; in that study
clinical improvements were associated with reduced fMRI signal in the right midcingulate
cortex/supplementary motor area and the left posterior cingulate cortex, but not changes in
the inferior prefrontal cortex regions often associated with enhanced response inhibition?!.
One interpretation of these results is that the clinical benefits of guanfacine were achieved
through dampening of ascending noradrenergic “arousal” from the locus coeruleus (LC),
more than an enhancement of the systems involved in inhibitory cognitive control, such as
the ventrolateral frontal cortex22. Future research might specifically focus on differentiating
the actions of guanfacine on post-synaptic a2A receptors in local prefrontal cortical
microcircuits (putatively enhancing cognition via increased synaptic efficacy) relative to its
presynaptic actions in the LC, where it reduces firing rates?3-24, Regardless of possible
mechanisms that may explain the distinctions between our cognitive outcomes and the
clinical outcomes reported in the companion paper (McCracken et al., under review), it
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should be appreciated that the clinical outcomes are in part dependent on parent ratings,
which may be subject to biases that are less likely manifest in objective cognitive test results.

Our observation of significant treatment effects on working memory but not other cognitive
domains contributes to a growing literature on the cognitive effects of pharmacological
treatments for ADHD. These findings differ from earlier reports suggesting that stimulant
monotherapy has its greatest impact on vigilance functions2, or impact on inhibitory
functions often associated with the right inferior frontal gyrus25, but are generally consistent
with another meta-analysis that showed the largest effect of stimulants on “executive
memory” tests that include what are more often referred to as working memory measures?’.
At the same time, the lack of a significant effect on response inhibition indicates that this
gain is not likely part of a generalized beneficial effect on cognitive control functions, which
encompass both working memory and response inhibition functions. Unfortunately,
heterogeneity in the methods used to assess cognitive functions hinders cross-study
comparisons. Future focus on developing standardized instrumentation for cognitive
assessment in clinical trials of ADHD may be necessary to answer these questions more
definitively. It is also possible that drugs with other mechanisms may be necessary to
ameliorate ADHD-related cognitive deficits other than those that are apparent in working
memory.

It is noteworthy that, while not yielding a significant cognitive benefit, guanfacine
monotherapy or addition of guanfacine to stimulant treatment did not cause deterioration of
cognitive function. For example, the study of Kollins et al. had the primary goal of testing
for adverse effects of guanfacine on cognitive measures, based on findings from the Phase
111 clinical trials that guanfacine was associated with adverse sedative effects?829, Qur
results may be seen as corroborating their finding that guanfacine, even as a monotherapy,
did not lead to significant declines on any cognitive measures despite our findings of
increased sedation, fatigue, and somnolence (see McCracken et al., under review).

It is difficult to reconcile the absence of any apparent cognitive benefit of guanfacine, alone
or in combination, with the preclinical and non-clinical control evidence showing cognitive
enhancement after acute administration. Dosing differences do not appear to explain this
discrepancy, as final daily doses of guanfacine in our study averaged 0.03 mg/kg twice daily,
almost identical to the 0.029 mg/kg single dose in the Jakala et al report,14 which found
improved working memory and planning performance. Important differences may include
acute administration in the prior studies versus the extended, 8-week administration of
guanfacine in our protocol. It is possible that cognitive benefits of acute administration fade
with repeated exposure, or that developmental differences exist in either dose-response or in
app receptor regulation of working memory and other cognitive processes. It is also possible
that individual titration approaches, distinct from our titration method based on clinical
response, are necessary to optimize effects on cognitive functioning. Finally, given that the
biology of ADHD and its attendant cognitive deficits remains incompletely understood,
disorder-related differences in apa receptor function, if present, may not be fully
ameliorated by straightforward ay receptor agonist administration, and instead require a
different mechanism. If guanfacine can be thought of as increasing “tonic” noradrenergic
function, conceivably an approach augmenting “phasic” cognitive control circuit responses,
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such as more potent noradrenergic reuptake blockade, might demonstrate greater cognitive
benefits in ADHD.

Our cognitive assessment approach had strengths in the relatively comprehensive nature of
assessments, which enabled us to specify a model with multiple test measures (indicators)
for each of the major domains we intended to measure, presumably a more stable assessment
of function in each domain. At the same time, our factor analyses suggested that the overall
“fit” of our data to the theoretical model was adequate but not excellent. Further work will
likely be needed to better specify the ideal measurement methods to detect cognitive
impairments and pharmacological enhancement in ADHD.

Our inclusion of a non-clinical comparison group enables us to make approximate
statements about the degree of cognitive impairment in our ADHD sample and the extent to
which the treatments helped to normalize these deficits. In contrast, the one prior report8
lacked a non-clinical comparison group, making any inferences about baseline performance
characteristics or degree of normalization of cognitive function challenging. In the present
study patients with ADHD had an initial working memory (WM) deficit of .53 SD units
relative to the non-clinical comparison group, and by the end of treatment the WM deficit
was only .25 SD units for COMB treatment and .30 SD units for DMPH monotherapy. This
reflects an improvement from baseline of .28 (COMB) or .23 (DMPH). This improvement is
modest, and similar to the improvement observed on re-testing of our untreated non-clinical
comparison group after 8 weeks (.27 SD units). But it should be noted that (a) our patients
did not show any improvement in WM while on placebo from baseline to week 4; (b) the
members of the COMB group treated with guanfacine did not improve from baseline to
week 4; and (c) the members of the GUAN group showed no improvement at either week 4
or week 8 (indeed, they showed a non-significant decline of .10 SD units by week 8). These
findings suggest that the improvement of WM functioning was a result of treatment with
DMPH or the combination treatment, not just a prior exposure effect. To better characterize
the true placebo rates of repeated test exposure in a patient with ADHD, future research
might consider designs with a non-treatment but clinically affected comparison group (i.e.,
with placebo extended for 8 weeks), although that design may be challenging to execute, and
careful consideration would need to be paid to whether the potential benefits of the
knowledge gained would outweigh keeping children off treatment for the longer duration.

Avre these gains clinically significant? Gains of .23 to .28 SD units in cognitive function may
be difficult to discern clinically, yet the endpoint WM performance of our patients with
ADHD was only ¥ SD below the non-clinical baseline mean, suggesting that the patient
group’s performance was substantially closer to being “normalized.” It is possible that the
benefits seen in working memory performance, though modest, are indeed clinically
significant, but additional investigations of real-world outcomes will be necessary to answer
this question definitively. More importantly, these findings reinforce the conclusion that
while our treatment of both the clinical symptoms and cognitive deficits of ADHD have
improved with modern medication treatments, there is still a major need for new treatments
—both pharmacological and non-pharmacological— that may be capable of yielding more
robust normalization of cognition and behavior.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Listing of Cognitive Task Variables in Domains

wMmé Spatial Working Memory — mean accuracy

WM WISC-IV Digit Span Forward — total raw score

WM WISC-1V Spatial Span Forward- total raw score

WM WISC-IV Digit Span Backward — total raw score

WM WISC-1V Spatial Span Backward — total raw score

WM WISC-IV Letter Number Sequencing — total raw score

Inhibitiond | Stop Signal Test — mean Stop Signal Reaction Time

Inhibition D-KEFS CWIT, Inhibition raw score

Inhibition D-KEFS CWIT Inhibition/Switching raw score (controlling for Color Naming
and Word Reading scores)

Inhibition D-KEFS Trail Making Test Number-Letter Switching raw score (controlling for
Visual Scanning and Number Sequencing scores)

Inhibitiond | Attention Networks Test, total errors (reversed sign)

Sopd Time Discrimination Test, median correct RT

Sopd Attention Networks Test, mean RT

SoPa Go-NoGo Test, mean RT for valid hits

Sopa Spatial Working Memory, mean RT correct trials

RTVA Time Discrimination Test, SD of valid RT

RTVA Attention Networks Test, SD of valid RT

RTVA Stop Signal Test, SD of “Go” RT

RTVA Go-NoGo Test, SD of valid RT

RTVA Spatial Working Memory, SD of RT correct trials

Page 11

Note. Further details and key references for each test are provided in Supplement 1, available online. CWIT = Color-Word Interference Test; D-

KEFS = Delis-Kaplan Executive Function System; RTV = Response Time Variability; SoP = Speed of Processing; WISC-IV = Wechsler

Intelligence Scale for Children-Fourth Edition; WM = Working Memory.

a . .
Indicates computerized tests.
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