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Abstract

Background—Increased intra-subject response time standard deviations (RT-SD) discriminate
children with Attention-Deficit/Hyperactivity Disorder (ADHD) from healthy controls. RT-SD is
averaged over time, thus it does not provide information about the temporal structure of response
time variability. We previously hypothesized that such increased variability may be related to slow
spontaneous fluctuations in brain activity occurring with periods between 15s and 40s. Here, we
investigated whether these slow response time fluctuations add unique differentiating information
beyond the global increase in RT-SD.

Methods—We recorded RT at 3s intervals for 15 minutes during an Eriksen flanker task for 29
children with ADHD and 26 age-matched typically developing controls (TDC) (mean ages 12.5 +
2.4 and 11.6 + 2.5; 26 and 12 boys, respectively). The primary outcome was the magnitude of the
spectral component in the frequency range between 0.027 and 0.073 Hz measured with continuous
Morlet wavelet transform.

Results—The magnitude of the low frequency fluctuation was greater for children with ADHD
compared to TDC (p=0.02, d= 0.69). After modeling ADHD diagnosis as a function of RT-SD,
adding this specific frequency range significantly improved the model fit (p=0.03; odds ratio= 2.58).

Conclusions—Fluctuations in low frequency response time variability predict the diagnosis of
ADHD beyond the effect associated with global differences in variability. Future studies will examine
whether such spectrally specific fluctuations in behavioral responses are linked to intrinsic regional
cerebral hemodynamic oscillations which occur at similar frequencies.
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Introduction

The diagnosis of Attention-Deficit/Hyperactivity Disorder (ADHD) is based primarily on
historical reports of symptoms, usually from parents and educators, which although reliable,
are necessarily subjective (1). Neuropsychological tests designed to assess executive functions
have been studied extensively in attempts to discover objective markers to substantiate the
diagnosis and constrain models of pathophysiology. Metaanalyses confirm that most such
measures differentiate ADHD from healthy comparison groups, but with only moderate effect
sizes (2,3).

The observation that individuals with ADHD are consistently inconsistent, reflected
experimentally as increased intra-subject variability in response time (RT-1SV), led to the
suggestion that RT-ISV should be considered an objective index of ADHD (4,5). Klein et al.
(6) examined four commonly used tasks and found that response time standard deviation (RT-
SD) best discriminated children with ADHD from healthy controls, with substantially larger
effect sizes than mean response time, directional errors, omission, or inhibitory control
measures.

Increased RT-ISV has been repeatedly documented in ADHD (4,6), but trial-to-trial variations
in performance, which are also found in aging, dementia, and traumatic brain injury (7), are
generally assumed to reflect primarily stochastic factors. An open question is whether
additional systematic processes underlie elevated RT-ISV. Our interest in the temporal
characteristics of RT-ISV stemmed from two converging lines of evidence. First, basal ganglia
neurons recorded in the awake locally anesthetized rat exhibit intrinsic rhythmic activity in the
range of 0.028-0.05 Hz (8). These fluctuations are selectively modulated by dopaminergic
medications which are the first drugs of choice in the treatment of ADHD (8). Second, intrinsic
brain hemodynamic oscillations of the putative default-mode network (9,10,11,12), which has
been posited to underlie attentional lapses characteristic of ADHD (13,14,15), occur at
similarly low frequencies. These observations led us to hypothesize that fluctuations in RT
should exhibit an oscillatory pattern in the low frequency range (i.e., one cycle occurring ~
every 15-40s) reflecting “a failure to fully and effectively transition from a baseline default-
mode to an active processing mode during performance of cognitive tasks” (p.2; 14). We
reasoned that these fluctuations would be significantly more prominent in individuals with
ADHD than in healthy comparison subjects (4). To investigate such a hypothesis, frequency
analyses which break up a function into the frequencies that compose it are useful methods to
examine fluctuations in RT-ISV. Applying such approaches in a secondary analysis of
previously collected Eriksen-flanker task data (16,17,18), we found that the power of the
frequency band (i.e., a range of frequencies with an upper and lower limit) centered at 0.05 Hz
was significantly higher (p=0.01) in 24 boys with ADHD compared to 18 matched controls
(4). However, those data had been collected discontinuously in six 180 s blocks, limiting the
observable lower range of frequencies. In the present study, we prospectively administered the
same task continuously for 900 s to quantify RT-ISV in a broader range of lower frequencies.

Examining the frequency characteristics of RT-ISV could provide a means for linking this
cognitive measure to underlying neurophysiological processes (4,19). In order to select
externally validated frequency bands, we made use of the observation that the frequency ranges
of neuronal oscillations (i.e., frequency bands) and their center frequencies “form a linear
progression on the natural logarithmic scale.” (p. 1926; 19) Signals at frequency bands so
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defined have been hypothesized to be generated by distinct, independent mechanisms (20).
The frequency band targeted here (0.027-0.073 Hz), corresponds to the slowest of the 10
putative oscillation bands defined by Penttonen and Buzsaki (20). We selected it based on our
prior data (4) and the modal frequency of brain resting state networks (21,22,23). This study
was designed to determine whether such multisecond oscillations in RT-ISV differentiate
groups of children with ADHD from typically developing control children, beyond the
spectrally non-specific effects of RT-ISV which are easily quantified by RT-SD (6). To address
the spectral specificity of our findings, we also examined the neighboring slow frequency bands
(20).

Thirty-three children with ADHD (27 boys) and 26 typically developing comparison children
(TDC; 12 boys) between the ages of 7.5 and 16.4 years participated in this study. Children with
ADHD were recruited through referrals from the NYU Child Study Center Child & Family
Associates, parent support groups, newsletters, flyers, and web/newspaper ads. We recruited
TDC from the local community through flyers/ads, and word of mouth. Families received $60
for participating in the study. Written informed consent was obtained from parents and assent
from children, as approved by the institutional review board. Estimated full-scale 1Q >80 and
absence of known neurological or chronic medical diseases were required of all subjects. DSM-
IV diagnosis of ADHD (1) was based upon parent interviews using the Schedule of Affective
Disorders and Schizophrenia for Children — Present and Lifetime Version (K-SADS-PL)
(24). Diagnosis of psychotic disorders, major depressive disorder, conduct disorder, tic
disorders, and pervasive developmental disorders were exclusionary. Children were excluded
if they were being treated with psychoactive medications except for psychostimulants which
were withheld for at least 24 hours prior to testing. Inclusion as a TDC required T-scores below
60 on all four Conners’ Parent Rating Scale-Revised: Long Version ADHD-summary scales
(25,26).

Symptom severities were obtained from the Conners’ Parent Rating Scale-Revised: Long
Version, the Child Behavior Checklist (27), and the Conners’ Teacher Rating Scale-Revised:
Long Version (25,26). Parents provided demographic information and socio-economic status
was estimated using the Hollingshead Index of Social Position (28). The Wechsler Abbreviated
Scale of Intelligence (29) provided estimates of 1Q. The Wechsler Individual Achievement
Test Second Edition (30) provided standardized measures of Word Reading, Numerical
Operations, and Spelling.

Experimental Procedure

Participants completed the same arrow version of the Eriksen Flanker task used in Scheres et
al. (16) except that stimuli were presented continuously for 930 s. Task stimuli consisted of a
horizontal array composed of a target central arrow with four flanking arrows (two per side)
pointing either to the same direction (congruent trials) or the opposite direction (incongruent
trials) as the center arrow (e.g., >>>>> and <<><<, respectively) or, on neutral trials, four
rectangles (e.g., oo>on). Within each trial, a warning fixation cross (500ms) was followed by
a stimulus (1000ms), then a blank screen (1500ms). Inter-trial intervals were constant at
3000ms. Trial types occurred with equal frequency, as did the direction of the target arrow
(right or left) in a block-randomized order within each of five 60-trial blocks. To minimize
transition effects, the 15-minute task was preceded by 10 trials (30s) that were discarded from
analysis. All participants received the same pseudo-randomized sequence. Children were
instructed to press the right or left button corresponding to the direction of the target arrow as
quickly and accurately as possible. Children completed at least one 90s-practice session which
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could be repeated until criterion of 80% correct responses was attained (six children with
ADHD and one TDC required a second practice session).

Data Analyses

Time Domain—~Responses below the minimal physiological response time of 100ms (31)
were discarded. For each subject, we then computed the mean RT and the RT-SD over all
remaining responses. Number of omissions and directional errors (no button pressed and
incorrect button pressed, respectively) were also computed. Subjects with omissions exceeding
15% of trials (45/300) were excluded from further analyses, as they were considered
insufficiently engaged in the task. Four children with ADHD (ages 7.6 to 9.5 years, three girls)
were excluded for omission rates of 21% to 41%. A 2-tailed Mann-Whitney test indicated that
these children were significantly younger (8.2 + 0.8 vs. 12.4 + 2.5 years; p=.008) and more
hyperactive (e.g., ADHD Index T-score 77 + 5 vs. 69 + 6; p=.03) than the remaining children
with ADHD.

Data Preparation for Frequency Domain Analyses—First, a displaced logarithmic
transformation, i.e., f(x)=In(x-a) with displacement parameter a=100, was applied to each
subject’s observed RTs using the S-PLUS/R function (32) “logtrans,” to obtain approximate
normality of the distribution. Second, since trial type, a factor with six levels (three stimulus
types and two directions), impacts mean RTs, we regressed it out and used the timeseries of
residuals in our analyses. Third, to maintain the temporal structure of the timeseries, missing
and impossible responses <100 ms were interpolated by averaging the two immediate
neighboring trial responses.

Frequency Domain—We examined a frequency interval ranging from 0.0052 Hz to 0.17
Hz as appropriate with our 900 s task duration and 3000 ms inter-trial interval (see
Supplementary Text). Within this frequency range we identified four bands based on the
approach of Penttonen and Buzsaki (20). Following their formula, we extended the oscillation
classes down to Slow-6. Accordingly, we selected Slow-6 (0.0052 Hz — 0.010 Hz, centered at
0.006 Hz [period 101-192s]), Slow-5 (0.010 — 0.027 Hz, centered at 0.016 Hz [37-101s]),
Slow-4 (0.027 — 0.073 Hz, centered at 0.044 Hz [14-37s]), and Slow-3 (0.073 — 0.17 Hz,
centered at 0.12 Hz [6-14s]); (see Supplementary Table 1).

Spectral Measures—We were interested in the contribution of each frequency component
asa proportion of total variance. As such, for each frequency band we computed the normalized
spectral density (see Supplementary Text). Normalized spectral density is usually estimated
with the periodogram method via fast Fourier transform (FFT) (33). An alternative method for
decomposing variability into oscillatory components, which avoids the stationarity
assumption, is the time-frequency representation of timeseries using the continuous wavelet
transform (CWT) (33, 34, 35) (see Supplementary Text). We applied the CWT (35) using
Morlet wavelets (half-length 25), implemented in the Matlab (The MathWorks, Natick, MA)
Time-Frequency Toolbox (http://tftb.nongnu.org), to each subject’s normalized timeseries (RT
timeseries divided by RT-SD). Following other authors (e.g., Humeau et al.(36)), we averaged
the scalogram at a given frequency band over time to represent the average relative energy of
the timeseries within this frequency band over the whole task interval. To examine the effect
of time on task, we computed the average relative energy separately for the five 180s-blocks,
each of which included equal proportions of all trial types. We also estimated the spectral
density function with FFT using a 15-point Hamming window on the residual data after
resampling to create timeseries of 1024 evenly spaced data points. The area under the curve
of the normalized spectral density within each target frequency was the resulting outcome
variable. In this paper, the term relative spectrum refers to both the relative energy measured
by CWT and the normalized spectral density measured by FFT.

Biol Psychiatry. Author manuscript; available in PMC 2009 July 9.


http://tftb.nongnu.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Di Martino et al.

Page 5

Statistical Analyses

Results

Group Characteristics—We compared the two groups on demographic and clinical
characteristics using chi-square tests for sex, ethnic group, and socioeconomic class and
analysis of covariance (ANCOVA) adjusting for sex for continuous clinical measures.

Task Group Comparisons—The comparison between ADHD and TDC groups with
respect to the time and frequency domain measures averaged over the 900s task period was
based on ANCOVA. Effect of time on task was examined based on time and frequency domain
measures computed over the five 180 s blocks using repeated measures ANCOVA. Age was
included as a covariate because it showed a significantly linear negative relation with RT-SD
within our sample age-range as expected (37,38). Sex was included because of our group
differences in sex distribution and a prior report of sex differences in RT-SD (39). We report
F-tests, p-values and Cohen’s d effect size.

Predicting ADHD Diagnosis—To test whether the relative spectrum of Slow-4 oscillations
contributes to the diagnostic classification of ADHD, independent of and in addition to RT-
SD, we carried out a series of logistic regressions. First, we modeled ADHD diagnosis (yes/
no) as a function of RT-SD; we then added Slow-4 relative spectrum as a predictor and assessed
its contribution to the deviance from the model using a likelihood ratio test. Second, to confirm
that the findings are specific to Slow-4 variations, we repeated the same analysis separately
with Slow-3, Slow-5 and Slow-6. All logistic regression models controlled for age and sex.
The estimated effects are expressed as odds ratios, i.e., the proportional change in odds of
ADHD associated with one-standard-deviation change in the measure of relative spectrum. All
tests were performed at the 0.05 level of significance, two-sided.

Correlations—To explore the relation between Slow-4 measures and indices of task
performance, Spearman correlation coefficients were computed between unadjusted Slow-4
spectrum and the number of omission and directional errors within each group. Additionally,
we computed correlations between unadjusted Slow-4 spectrum and symptom severity ratings
within each group.

Group Characteristics

Twelve out of 29 children with ADHD included in the analysis met current criteria for
Combined type (ADHD-C), 16 for Predominantly Inattentive type (ADHD-I), and one for
Predominantly Hyperactive/Impulsive type (ADHD-H/I). Eleven children with ADHD (six
ADHD-C, six ADHD-I, and one ADHD-H/I) presented with comorbid disorders: four with
Oppositional Defiant Disorder, four with anxiety disorders (one with Generalized Anxiety
Disorder and Social Phobia, one with Social Phobia, and two with Anxiety Disorder Not
Otherwise Specified, one of whom also had dysthymia), two with nocturnal enuresis, and one
with an Adjustment Disorder with Depressive Symptoms. Sixteen were drug naive at the time
of testing (nine ADHD-I, six ADHD-C, and one ADHD-H/I) and two (ADHD-I) had
discontinued stimulant treatment within three months prior to this study. The eleven children
undergoing stimulant treatment (five ADHD-I and six with ADHD-C) reported discontinuing
medication 24 hours prior to testing.

Asshown in Table 1, the two groups of children differed in sex distribution. They did not differ
significantly on estimated 1Q, academic achievement, age, socioeconomic status (85% of TDC
and 87% of ADHD were from the two highest SES classes) or parent-identified ethnicity
(Caucasian 54%, and 48%, African-American 8% and 17%, Hispanic/Latino 11% and 28%,
“others,” including Asian, Native American and mixed ethnic group, 27% and 7%, in TDC
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and ADHD, respectively; X2(3)26.19; p=.10). Symptom ratings differed significantly, as
expected.

Task Results

Group Comparisons—The groups did not differ in mean-RT. Children with ADHD had
significantly more errors and greater RT-SD than controls, although both groups were accurate
(96% overall for TDC, 95% for ADHD; see Table 2). As Figure 1 shows, children with ADHD
had greater relative spectrum in the Slow-3, Slow-4, and Slow-5 frequency bands, but the
difference reached statistical significance only in the Slow-4 band. Figure 2 illustrates the
between-group differences in spectrum across the sampled frequency bands. Similar results
were obtained for the Slow-4 relative spectrum measured with FFT (F(y 51)=4.03, p=0.05; see
Supplementary Table 2).

The only difference between groups with respect to time-on-task effects was observed on
number of directional errors (F(2 3, 117.3)=2.94, Greenhouse-Geisser corrected, p=0.049). The
TDC children had the fewest directional errors in the first three-minute interval (0.38 £ 0.70),
and a slightly higher but stable number of such errors in blocks 2-5 (0.69 + 1.09; 0.54 + 0.90;
0.58 £ 0.64; 0.61 £ 0.80, respectively), while the children with ADHD showed a more robust
increase over time (0.48 £ 1.06; 1.17 + 1.92; 1.80 + 3.19; 1.14 + 1.96; 1.65 + 2.74 for blocks
1-5, respectively). There were no significant differences in the three-way interaction between
group by frequency band by time-on-task (F(12, 1007)=0.82, p=0.63) nor in the two-way
interaction between group and time-on-task (F4,1019)=0.66, P=0.62). The two-way interaction
between frequency band and time-on-task (F(12, 468y=4.64, p<0.001) and the main effect of
time-on-task (F(4,216)=17.76, p<0.001) were significant, indicating non-stationarity of the RT
timeseries and differences between frequency bands with respect to deviations from
stationarity. Specifically, Slow-4, Slow-5 and Slow-6 showed quadratic time effects (e.g.,
Slow-4 relative spectrum: 3.41 £ 0.95; 4.04 £ 1.16; 3.76 + 1.15; 3.90 + 1.18; 3.30 + .89 for
blocks 1-5, respectively; post-hoc pairwise comparisons between blocks 1 and 2 and blocks 4
and 5 differed significantly; p<0.001 for both). By contrast, Slow-3 relative spectrum increased
only slightly from block 1 to 4 with a slight decrease at block 5 (Slow-3: 2.53 + .62, 2.66 + .
60, 2.77 + .66, 2.85 + .65, 2.57 % .66 for blocks 1-5, respectively).

Prediction of ADHD Diagnhosis—After adjusting for age and sex, RT-SD significantly
predicted diagnosis (p=0.04; see Table 3). The deviance significantly decreased after adding
Slow-4 relative spectrum to the model RT-SD + age + sex (p=0.03). Separately adding the
relative spectrum measure of any of the other frequency bands to the initial model did not
significantly improve the prediction of diagnosis. The same analyses repeated with relative
spectrum of each low frequency band computed with FFT yielded similar but non-significant
results (Slow-4 odds ratio =1.89, see Supplementary Table 3).

Correlations—As shown in Figure 3, unadjusted Slow-4 spectrum was significantly
correlated with omission errors within the ADHD and TDC groups (r=0.81, and r=0.62,
respectively; p<0.001), and with directional errors in ADHD (r=0.60, p<0.001) but notin TDC
(r=-0.17, NS). None of the symptom severity ratings correlated significantly with unadjusted
Slow-4 spectrum within groups. However, across the entire sample, unadjusted Slow-4
spectrum was significantly correlated with Child Behavior Checklist attention problems parent
ratings (r=0.44, n=55, p=0.001).

Discussion

The purpose of this study was to determine whether measuring response time variability in
children with ADHD within the Slow-4 frequency band (i.e., 0.027-0.073 Hz) would provide
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greater diagnostic information than RT-SD alone. Having confirmed prior reports (6,40,41,
42,43,44,45) that children with ADHD exhibit greater RT-SD than age-matched TDC, we also
found that they showed significantly greater variability specifically in the Slow-4 frequency
range. Furthermore, when variability in the Slow-4 frequency band was isolated by normalizing
the spectral density functions, it was the only low frequency band tested which significantly
contributed to RT-SD in differentiating the ADHD from the TDC group.

Our results are in broad agreement with recent findings by Johnson et al. (46,47). Using fixed
and random order versions of the Sustained Attention Response Task, with instructions to
respond to all digits from 1 to 9 except to the digit 3, presented every 1.4 s, they found that
children with ADHD show greater spectrum in frequencies from 0.004 to 0.35 Hz. Their task
allowed them to differentiate a “fast” variability component (0.0772-0.35 Hz), which they
suggested reflects sustained attention mechanisms, and a slower variability component (below
0.0772 Hz), ascribed to arousal processes. While the increased magnitude in the lower
frequency band is broadly in agreement with our findings, differences in task designs do not
allow us to determine the extent of convergence or disagreement. For instance, we did not find
group differences in frequencies higher than Slow-4. However, our fixed 3 s inter-trial interval
limited the extent to which we could examine the entire range of Slow-3 and the even faster
frequencies analyzed by Johnson et al. (46,47). On the other hand, because our task duration
was nearly three times longer (15 min), we could explore the slower frequency bands, Slow-5
and Slow-6. The groups did not differ significantly in these two frequency bands.

The present work confirms our previous findings (4) despite several methodological
refinements. First, we performed frequency analysis in residualized RT timeseries
demonstrating that group differences in Slow-4 are not due to RT fluctuations driven by the
trial types. Second, by normalizing the spectrum by total variance, we measured the
proportional contribution of each frequency band separately from global spectrally non-
specific variability. Thus, our findings highlight a more delimited low frequency band, Slow-4.
Third, we decomposed variability into both time and frequency domains using the Morlet
CWT, thus avoiding violations of the assumption of stationarity of the RT timeseries required
by FFT. We found equivalent nonstationarity in both diagnostic groups; thus, analyzing relative
spectrum over time did not lead to a loss of information comparing groups. By contrast,
computing spectral density via FFT under the assumption that the RT timeseries are stationary,
is strictly speaking, not appropriate in this case. Still, FFT measures provided for comparability
with the literature showed rough agreement with our CWT results.

In contrast with the frequency domain and other time domain measures, children with ADHD
worsened over time in number of directional errors, suggesting a possible additional
impairment in sustained attention. RT Slow-4 was positively correlated with the number of
omission and directional errors, except in TDC where directional errors were minimal. Better
characterization of the relation between errors and RT spectral measures, as well as of the
frequency pattern with which errors occur, would require designs that can elicit more frequent
errors.

Our results should be interpreted in light of study limitations. The two groups, although
matched for age, socio-economic status, ethnicity and 1Q, were not matched for sex
distribution. Accordingly, all our analyses were adjusted for sex. However, comparisons
limited to the 26 boys with ADHD and 12 TDC boys showed identically significant results for
Slow-4 (F(36)=5.98, p=0.02, Cohen’s d = 0.80). We excluded children who omitted over 15%
of responses. The four excluded children with ADHD were among the most severely affected,
and conservatively removing them reduced our statistical power. Further our sample size was
not adequate to test the possible effects of specific clinical characteristics such as ADHD group
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subtype, comorbidity, history of medication treatment, current medication status, and whether
effects may have been exacerbated by pharmacological rebound.

Increased ISV in ADHD has been a recent focus of active study (45,4,6). Leth-Steensen et al.
suggested that exponentially prolonged RTs contributed to increased RT-ISV and are uniquely
responsible for the group differences observed in such tasks (48). The contribution of such
prolonged RTs can be measured by analyzing ex-Gaussian distributions (49), which
decompose the RT distribution into a Gaussian normal component (indexed by mu and
sigma, representing the mean and SD of the normal distribution) and an exponential component
(indexed by tau representing both mean and SD of the exponential distribution). Hervey et al.
(41) confirmed that children with ADHD differ markedly in having prolonged RTs, indexed
by larger tau (48,41). Increased variability can also include a higher proportion of extremely
rapid RTs (45,38).

From a theoretical perspective, increased RT-1SV in ADHD has been attributed to a deficient
allocation of effort in accordance with the cognitive energetic state regulation deficit model
(50,51). Independent confirmation that Slow-4 fluctuations in RT contribute independently to
differentiating individuals with ADHD would support focusing on this easily collected measure
as an objective index that could be linkable to underlying neurophysiological processes (19,
4). Independent neuronal oscillation bands have been defined from ultra fast (1-4 ms/cycle) to
very slow (15-40 s/cycle) frequencies (19). Although their nature, relation, and specific
physiological functions have yet to be fully clarified, in general high frequency oscillations are
hypothesized to provide high spatial resolution, whereas slow oscillations involve larger
neuronal areas and are better suited for regulating dynamic relationships between and within
brain networks (19,20).

Episodic prolongations of RT were predicted by periodically decreased BOLD fMRI signal in
any of three loci, including right dorsal anterior cingulate (52). In our present data, the
association between the magnitude of Slow-4 fluctuations and errors supports the interpretation
that these fluctuations in RT reflect episodic lapses of attention which may result from the
interplay of intrinsic brain rhythms fluctuating at low frequencies and spanning large expanses
of brain (9,23,53,15,13,12). In a recent resting state fMRI study, we found that the temporal
coherence between the right dorsal anterior cingulate cortex (52) and precuneus/posterior
cingulate cortex was significantly decreased in adults with ADHD (13). A planned study will
test whether increased Slow-4 fluctuations in RT are linked to decreased functional
connectivity of this circuit in ADHD. Additional study designs, electrophysiological
approaches, and pharmacological probes are needed to examine whether increased Slow-4
variability may have a greater effect on incongruent trials requiring inhibitory control, or on
presumably more boring neutral or congruent trials (14).

In summary, our findings indicate that fluctuations in Slow-4 RT variability predict the
diagnosis of ADHD beyond the effects associated with differences in global variability. Future
studies will examine whether such spectrally specific fluctuations in behavioral responses are
linked to intrinsic regional cerebral hemodynamic oscillations (12) occurring in similar
frequency bands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Group Differences in Slow-6, 5, 4, 3 Relative Spectra
Relative spectrain the Slow-6, 5, 4, and 3 averaged over time resulting from continuous Morlet
wavelet transform of normalized residuals of response time (RT) timeseries. ADHD =

Attention-Deficit/Hyperactivity Disorder; TDC = typically developing children (dotted-line).
Although the ADHD group showed increased relative spectrum in Slow-5, Slow-4, and Slow-3,

group differences were statistically significant only for Slow-4 (*: p=0.02).
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Figure 2. Group Differences in Frequency Spectrum

ADHD = Attention-Deficit/Hyperactivity Disorder (continuous line); TDC = typically
developing children (dotted-line). The X-axis represents the frequencies on the natural
logarithmic scale included between 0.0052 and 0.17 Hz grouped in four ranges: Slow-6
centered at 0.006 Hz, Slow-5 at 0.016 Hz, and Slow-4 at 0.044 Hz and Slow-3 at 0.12 Hz. The
Y-axis represents the magnitude of the frequency spectra measured with continuous Morlet
wavelet transform.

Biol Psychiatry. Author manuscript; available in PMC 2009 July 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Di Martino et al.

# Omissions

Page 14

50.0 500
OTDC % ADHD 4 *,
40.0 40.0
[iy]
X :
30.0 W 30.0
SO0 =
o S
(=]
20.0 4 % K D200~
O *
& EaRe
10.0 A KK o 10.0 1
.0 Xg?%A/K>K<§F<> T T T 0 - © A T T
0 50000 100000 150000 200000 250000 300000 @ 50000 100000 150000 200000 250000

RT Slow-4 Spectrum

Figure 3. Correlations Between Errors and Unadjusted Slow-4 Spectrum

Errors of omission (left) and directional errors (right). The X-axis represents the magnitude of
the frequency spectra measured with continuous Morlet wavelet transform. The significant
correlation between Slow-4 spectrum and number of omission errors is nearly identical in the
two groups (r=.81 and r=.62 for ADHD and TDC, respectively).
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