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Early Attentional Deficits in an Attention-to-Prepulse Paradigm in
ADHD Adults
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Adults with attention-deficit/hyperactivity disorder (ADHD) were examined for early and late attentional
processes as a function of controlled attention. The test paradigm was the attentional modulation of
prepulse inhibition (PPI; early controlled attentional processing) and prepulse facilitation (PPF; late
controlled attentional processing). In 49 patients and 49 controls, the authors measured acoustic startle
responses to 96-dB startle pulses preceded 120, 240 (for PPI), 2,000, and 4,500 (for PPF) ms by a 68-dB
prepulse noise. Geometric figures signaled that prepulses were to be ignored or attended to (automatic
vs. controlled attention). ADHD patients exhibited deficits in prepulse modulation, but these reflected an
interaction of controlled attention and time of information processing. Normal PPI and PPF occurred
under all conditions except for controlled attentional modulation of PPI. Attention deficits in ADHD
patients may reflect not general derangements in information processing or ability to attend but, rather,
selective disturbances of controlled attention during early information processing.
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ADHD: A Disorder of Deficient Subcomponents of
Attentional Processing

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent
form of abnormal behavior in children; 30-60% of affected indi-
viduals also show ADHD symptoms in adulthood (Wender, Wolf,
& Wasserstein, 2001). Attentional dysfunction is one of the core
symptoms (Douglas, 1999). For at least two reasons, to understand
it, one may need to acknowledge that attentional functioning
embodies multiple components.
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First, recent theories on ADHD (Sergeant, Geurts, Huijbregts,
Scheres, & Oosterlaan, 2003) suggest that the attentional dysfunc-
tions in ADHD may reflect executively determined functions.
Thus, ADHD may be affected by deficient top-down control rather
than bottom-up automatic processing. Indeed, ADHD patients
show reduced volumes of the prefrontal and the anterior cingulate
cortex (Seidman et al., 2006), areas responsible for top-down
attentional control (MacDonald, Cohen, Stenger, & Carter, 2000).
In addition, ADHD boys showed event-related potentials that were
reduced only in the case of attended but not ignored stimuli
(Satterfield, Schell, & Nicholas, 1994). Because paying attention
to the stimuli was actually controlled by the patients themselves,
this suggests an important role for controlled attention and that the
deficit may not arise for responses that occur with less control
(more automatic).

Second, disturbed attentional processes in ADHD that are
under top-down control appear to be sensitive to temporal
parameters. Thus, ADHD children showed a dysfunction in
visual selective attention in early but not later event-related
potentials (Jonkman, Kenemans, Kemner, Verbaten, & van
Engeland, 2004). ADHD patients appear to have problems with
time-based attentional resolution when the stimuli are presented
at very short time intervals (Bellgrove et al., 2006). This sug-
gests that early top-down controlled attentional processes may
be slowed down but that later top-down controlled attentional
processes may be intact. This might also explain the slower
performance of ADHD patients (Nigg, Blaskey, Huang-
Pollock, & Rappley, 2002).

Taking these two points together, ADHD may reflect a dysfunc-
tion in early but not late top-down controlled attentional processes.
At the same time, automatic bottom-up early and late information
processing may be normal.
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The Prepulse Startle Paradigm to Dissect
Subcomponents of Attentional Processing

A paradigm ideally suited for dissecting attentional processing
is the prepulse modulation of the startle response. The startle
response is a reflexive response evoked by a sudden noise. In
humans, it is recorded electromyographically from the orbicularis
oculi muscle (Blumenthal et al., 2005). On a test trial, a weak
nonstartling acoustic stimulus, the prepulse, precedes the startle
stimulus at different time intervals (stimulus onset asynchronies,
SOAs). Modulation is then simply derived by contrasting startle
responses preceded with the prepulse to those preceded without the
prepulse (Graham, 1975).

Through judicious choice of two variables (the SOAs and the
degree of control of attending to the prepulse), it is possible with
the prepulse-modulation paradigm to systematically model at least
four stages of attentional processing (see Figure 1). These can be
argued to index bottom-up automatic and top-down controlled
processing during early and at late periods of information process-
ing (cf. Jennings, Schell, Filion, & Dawson, 1996). Thus, two
stages reflect a noncontrolled processing of the information in the
prepulse (Schell, Wynn, Dawson, Sinaii, & Niebala, 2000). In such
test conditions, a participant is typically not instructed to pay
special attention to the prepulse. An early preattentional stage of
processing is seen as prepulse inhibition (PPI; see Figure 1A). This
is the inhibited startle response observed with short SOAs between
30 ms and 500 ms (Blumenthal, 1999). This inhibition is believed
to protect information processing because it ensures that the pro-
cessing of the prepulse stimulus is not disrupted by the startle
stimulus. This effect thereby indexes early automatic bottom-up
sensory gating and is even observable during sleep (Silverstein,
Graham, & Calloway, 1980). PPI deficits leading to sensory over-
load and deficient filtering of irrelevant information have been
found in several psychiatric disorders with attentional dysfunc-
tions, such as Tourette’s syndrome, enuresis, schizophrenia,
obsessive-compulsive disorder, and Huntington’s disease (Braff,
Geyer, & Swerdlow, 2001).

Early (PPl test)

A second stage of automatic bottom-up information processing
is reached at a later time period (see Figure 1B). This is the
facilitated startle response with SOAs beginning about 800 ms
after the prepulse presentation and is termed prepulse facilitation
(PPF). This phenomenon probably reflects automatic orienting and
activation of the sensory modality of the prepulse (Graham, 1975;
Putnam & Vanman, 1999). Deficits in PPF suggest reduced allo-
cation of processing resources to stimuli and were found in schizo-
phrenia patients (Wynn et al., 2004).

Third and fourth stages of prepulse modulation can be achieved
when PPI and PPF are tested in conditions of controlled attention.
This is often achieved by instructing participants to actively attend
to the prepulse information and can be seen as top-down controlled
attentional processing. Testing under controlled attention serves to
magnify the effects of the acoustic prepulse: In the short run, it
magnifies suppression (PPI; see Figure 1C), and in the long run, it
magnifies facilitation (PPF; see Figure 1D; Blumenthal, 1999;
Filion, Dawson, & Schell, 1993; Putnam & Vanman, 1999). From
a functional perspective, the attentional increase in PPI likely
reinforces the protected processing of the prepulse in the sense of
early selective attention. The attentional increase in PPF can be
seen to increase orienting to the modality of the prepulse and
therefore reflects the sustained version of selective attention. Ac-
cordingly, these effects would refer to top-down early and late
controlled attentional processing, respectively. At present, only
patients with schizophrenia were found to be marked by a lack of
both an attention effect on PPI and on PPF (Hazlett et al., 2007).

Accordingly, different forms of prepulse modulation offer a
simple and comparative paradigm to index early and late
bottom-up automatic and top-down controlled attentional process-
ing (Jennings et al., 1996). The effects are robust, and the effect
size is strong. The model can be applied to developmental, neu-
ropsychological, and animal work (Blumenthal, 1999; Putnam &
Vanman, 1999). Furthermore, in contrast to classical measures of
dysfunctional attention in ADHD, such as performance in the
continuous performance test (Song, Shin, Jon, & Ha, 2005) or a
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Figure 1. A hypothetical model of prepulse modulation (y axis) for early and late periods (x axis) of
information processing under conditions of ignoring and paying attention to the prepulse (z axis) in controls and
attention-deficit/hyperactivity disorder (ADHD) patients. A. Early bottom-up automatic preattentional process-
ing, automatic prepulse inhibition (PPI), sensory gating. B. Late bottom-up automatic attentional processing,
automatic prepulse facilitation (PPF), orienting. C. Early top-down controlled attentional processing, controlled
PPI, early selective attention. D. Late top-down controlled attentional processing, controlled PPF, sustained

selective attention.



596 CONZELMANN ET AL.

delayed attentional blink (Li, Lin, Chang, & Hung, 2004), prepulse
paradigms allow the isolation of specific attentional mechanisms,
as indexed in Figure 1.

Prepulse Startle Paradigms in ADHD

Existing studies looking at prepulse phenomena in ADHD pa-
tients typically focused on bottom-up automatic PPI. This
bottom-up automatic PPl in ADHD reflecting normal sensory
gating functions appears to be intact. Three studies compared
healthy controls with ADHD boys comorbid with Tourette’s syn-
drome (Castellanos et al., 1996) or with enuresis (Ornitz, Hanna, &
de Traversay, 1992). However, PPI deficits were attributed to the
comorbid disorders and not to ADHD. Two other studies examined
adult ADHD patients without comorbidities (Feifel, Minassiana, &
Perrya, 2009; Hanlon, Karayanidis, & Schall, 2009), but again no
PPI deficits could be found.

There is only one study addressing top-down controlled atten-
tional PPI and PPF. Hawk, Yartz, Pelham, and Lock (2003)
revealed in boys with ADHD dysfunctional top-down controlled
attention modulated PPI but normal bottom-up automatic PPI and
PPF. However, the results with PPF were not fully interpretable, as
the healthy participants showed no attentional modulation of PPF.
A wider range of experimental protocols can be used in adults with
ADHD, because their compliance is more predictable than for
children. Considering that attentional symptoms are more stable
than hyperactive-impulsive symptoms in ADHD in adulthood
(Biederman, Mick, & Faraone, 2000), their in-depth examination
is indicated.

Aim of the Study

Taken together, previous prepulse studies suggest a specific
deficit in ADHD patients, marked by a dysfunction in early top-
down controlled attentional processes (see Figure 1C). In line with
this, attentional PPI modulation was found to be associated with
thalamic and prefrontal activity (Hazlett et al., 1998, 2001). And,
as outlined above, ADHD patients show abnormalities in these
structures. In addition, the assumption about disturbed early atten-
tional control is supported by EEG studies revealing deficits in
controlled but not automatic conditions and in early but not late
event-related potentials, as described above.

Therefore, the present study was designed to address the hypo-
thetical pattern of dysfunctions at early but not late controlled
attentional processing in ADHD depicted in Figure 1. We ad-
dressed this on the basis of a within-subject, two variable, prepulse
modulation paradigm applied to two groups of participants, com-
prising adults of both genders with and without ADHD. Statisti-
cally, we expected the absence of an attentional effect on PPI in
ADHD patients, whereas ADHD patients and healthy controls
should show comparable attentional modulation of PPF.

Method

Participants

Recruitment and assessment. This study was part of a large
ADHD project established at the University of Wiirzburg, Wiirz-
burg, Germany. Employed were adult outpatients from the Depart-

ment of Psychiatry and Psychotherapy, referred for diagnostic
ADHD assessment and treatment. Many of them came to the
department because ADHD was diagnosed in their children and
they recognized the symptoms in themselves; others were recom-
mended by their family doctors. Altogether, 1,021 persons were
evaluated. Five hundred twelve control participants were recruited
via advertisement. These were first evaluated during a telephone
call to ensure the absence of psychiatric symptoms. They were
given a short interview to assess Diagnostic and Statistical Manual
of Mental Disorders (4th ed.; DSM-IV; American Psychiatric
Association, 1994) psychiatric disorders. One hundred eighty-six
could be recruited for further diagnostic assessment. Three hun-
dred twenty-six persons had to be ruled out (107 were suspicious
for psychiatric disorders, 80 refused to participate in further stud-
ies, and 139 did not allow matching to the clinical sample accord-
ing to sociodemographic criteria).

The current diagnoses relevant for this study were established
by two experienced psychiatrists who conducted the structured
interview independently of each other on two appointments carried
out on the same calendar day (Jacob et al., 2007). The clinicians
were required to agree on their diagnostic evaluation and the
decision about the inclusion of the participants in the final sample.
If the estimates of the two investigators did not match, the issue
was discussed and reevaluated with additional questions until
consensus was reached. The screening was carried out with a
structured clinical interview based on the DSM-IV symptom list
for ADHD:; this provided information on current ADHD symptoms
and on ADHD symptoms present during the participants’ child-
hood. In addition, participants were asked to describe these symp-
toms in detail to ensure that these symptoms were reliable. They
had to be obvious in at least two situations and to be accompanied
by impairment; it was also determined whether these symptoms
were not due to other psychiatric disorders (Criteria B to E of the
DSM-I1V criteria for ADHD). School reports were also evaluated.
Additional information from relatives was considered whenever
available, but this was not obligatory. Unresolved contradictory
information led to exclusion of the potential participants. In addi-
tion, we obtained a self-report of ADHD symptoms during child-
hood with the Wender Utah Rating Scale (WURS-k; Retz-
Junginger et al., 2002). Based on a sample of patients of various
psychiatric disorders, split half reliability of the WURS-k was
0.85, o was 0.91, and a cut off of 30 led to a specificity of 76% and
sensitivity of 85%, to differentiate this sample with respect to the
presence of childhood ADHD. These data were obtained to get
additional diagnostic information, but because ADHD patients
tend to underreport their symptoms (Murphy & Barkley, 1996), the
clinicians’ evaluations of ADHD symptoms were the final crite-
rion for ADHD diagnosis. However, when the analyses for PPI and
PPF were carried out with patients above the WURS-k cutoff of 30
(n = 26) and controls below the cut off of 30 (n = 46), all effects
remained as reported in the Results section. Current ADHD symp-
toms of our study sample were rated by a self-report of the severity
of the DSM-IV symptoms of ADHD on a scale from 0 to 3. This
assessment indicated that ADHD patients showed a strong impair-
ment (see Table 1). Normative ratings for adult symptoms were not
assessed.

We also assessed comorbid Axis I and II disorders using the
Structured Clinical Interview for DSM-IV Disorders (SCID I and
SCID II; First, Spitzer, Gibbon, & Williams, 1996, 1997). Partic-



ADHD AND ATTENTIONAL PREPULSE MODULATION 597

Table 1

Sociodemographic and Psychometric Data of Healthy Controls and ADHD Patients

Controls (n = 49) ADHD (n = 49)
Variable M SD % M SD % Statistics

Age (years) 35.2 9.6 35.3 10.1 1(96) = 0.04, p = .968

1Q (MWT-B) 119.3 13.9 114.3 14.6 #96) = 1.7, p = .084

WURS 12.2 9.5 31.0 15.1 1(96) = 7.4, p < .001
Self-reported ADHD severity 9.5 53 26.4 9.6 1(96) = 10.8, p < .001

C Inattentiveness (DSM-IV) 0.8 1.2 6.6 1.8 1(96) = 18.0, p < .001

C Hyperactivity/Imp. (DSM-1V) 0.8 1.2 5.0 2.7 #(96) = 10.1, p < .001

A Inattentiveness (DSM-1V) 1.1 1.6 7.2 1.1 1(96) = 22.0, p < .001

A Hyperactivity/Imp. (DSM-1V) 1.4 1.2 54 24 1(96) = 104, p < .001

Bipolar NOS 0 2.0 X>(1, N =98) = 1.0, p = 315
Major depression 0 6.1 X°(1, N =98) = 3.1, p = .079
Dysthymic disorder 0 2.0 X>(1, N =98) = 1.0, p = 315
GMC 0 2.0 X’(1, N =98) = 1.0, p = 315
Depressive NOS 0 10.9 X>(1, N =98) =52, p=.022
Panic disorder 0 2.0 Xz(l, N =98)=1.0,p = 315
Agoraphobia 0 2.0 X>(1I, N =98) = 1.0, p = 315
Social phobia 0 4.1 X*(1, N = 98) = 2.0, p = .153
Specitic phobia 0 4.1 X>(1, N = 98) = 2.0, p = .153
PTSD 0 4.1 X*(1, N = 98) = 2.0, p = .153
Addiction 0 12.2 X>(1, N = 98) = 6.4, p = .011
Smoking 14.3 32.7 X?(1, N = 98) = 4.6, p = .032
Eating disorder 0 2.0 X>(1, N =98) = 1.0, p = 315
Paranoid PD 0 8.2 X?(1, N = 98) = 42, p = .041
Antisocial PD 0 8.2 X2(1, N =98) = 4.2, p = .041
Borderline PD 0 10.2 X’(1, N =98) =53, p = .022
Histrionic PD 0 28.6 X>(1, N = 98) = 16.3, p < .001
Narcissistic PD 0 20.4 x*(1, N = 98) = 11.1, p = .001
Avoidant PD 0 18.4 X>(1, N =98) = 9.9, p = .002
Negativistic PD 0 4.1 X*(1, N = 98) = 2.0, p = .153
Depressive PD 0 4.1 X>(1, N = 98) =20, p = .153
Obsessive-compulsive PD 0 16.3 Xz(l, N =98) =4.0,p = .045
Any Axis I comorbidity 0 40.8 x>(1, N = 98) = 25.1, p < .001
Any Axis II comorbidity 0 67.3 X2(1, N = 98) = 49.8, p < .001
Overall comorbidity 0 77.6 X2(1, N = 98) = 62.1, p < .001

Note. ADHD = attention-deficit/hyperactivity disorder; MWT-B = Multiple Choice Word Fluency Test (IQ test; Lehrl, 1989); WURS = Wender Utah
Rating Scale (Retz-Junginger et al., 2002); Self-reported ADHD severity = current self-reported severity of Diagnostic and Statistical Manual of Mental
Disorders (4th ed.; DSM-1V; American Psychiatric Association, 1994) ADHD symptoms on a 0 to 3 scale; C Inattentiveness (DSM—IV) = number of
childhood ADHD symptoms of inattentiveness according to DSM-IV, expert rating; C Hyperactivity/Imp. (DSM-IV) = number of childhood ADHD
symptoms of hyperactivity/impulsivity according to DSM-IV, expert rating; A Inattentiveness (DSM—IV) = number of current ADHD symptoms of
inattentiveness according to DSM-IV, expert rating; A Hyperactivity/Imp. (DSM-IV) = number of current ADHD symptoms of hyperactivity/impulsivity
according to DSM-1V, expert rating; NOS = not otherwise specified; GMC = mood disorder due to a general medical condition; PD = personality disorder.

ipants also completed the Multiple Choice Word Fluency Test
(MWT-B; Lehrl, 1989) as a valid estimator of crystalline intelli-
gence. The MWT-B is a widely used German test requesting the
individual to select for each of the 37 items the only meaningful
term among five given options. This test shows construct validity
with the HAWIE vocabulary test of .95 and a test-retest reliability
of .90.

Exclusion criteria for both groups were the following: age below
18 or above 60 years, IQ below 80 (exclusion of five potential
ADHD patients), severe somatic disorders (exclusion of 21 poten-
tial ADHD patients), or not European nationality (exclusion of 19
potential ADHD patients and five potential controls). Further
exclusion criteria for patients were unvalidated current adult (ex-
clusion of 39 potential ADHD patients) and childhood ADHD
(exclusion of seven potential ADHD patients) according to the
DSM-1V symptom list with an onset before the age of 7 years,
severe impairment and evidence of being impaired in at least two

settings, or symptoms better accounted for by another mental
disorder (exclusion of 110 potential ADHD patients). Not included
in the control group were individuals with a lifetime or any current
SCID I or SCID II diagnosis (exclusion of 19 potential controls) or
more than three fulfilled DSM—-IV ADHD criteria of current or
lifetime symptoms of inattentiveness or hyperactivity/impulsivity
(exclusion of 24 potential controls).

Finally, the ADHD project consisted of 820 ADHD patients and
138 controls. The present participants were recruited from this
pool, resulting in 75 adult ADHD patients and 82 controls. The
reported data are based on a final sample of 49 ADHD patients and
49 controls, as many original recruits were excluded for various
reasons: current antidepressant medication (12 patients), less than
two valid startle data points per experimental condition (seven
patients and one control), startle nonresponders having more than
33% trials with zero reactions (Sobin, Kiley-Brabeck, & Karayior-
gou, 2005; five patients and seven controls), loss of the matching
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partner (we individually matched for gender and age given sug-
gestions that gender and age influence prepulse startle modulation;
Ellwanger, Geyer, & Braff, 2003; Swerdlow et al., 1993; two
patients and 25 controls). Carrying out the analyses of PPI and PPF
after additionally including these latter 27 participants revealed the
same pattern of results as reported below.

Written informed consent was obtained from all participants.
Participants were paid 40 Euros for taking part in the diagnostic
and experimental assessment.

Final sample. Table 1 shows sociodemographic and psycho-
metric data for ADHD patients and controls. In each group, there
were 24 women. Of the 49 ADHD patients, 31 patients were of the
ADHD combined type and 18 of the ADHD inattentive type. The
ADHD patients also showed a number of comorbid psychiatric
disorders, comparable to previously published data from this pop-
ulation (Kessler et al., 2006). Our two experimental groups were
comparable with respect to age, 1Q, and sex. The self-report
ADHD symptoms during childhood, the self-report adult ADHD
severity score and the clinicians’ ratings of current and childhood
ADHD symptoms of inattentiveness and hyperactivity were higher
in patients compared with controls.

All participants were free from any ADHD-specific medication
for at least four days. The 13 patients who were on methylpheni-
date agreed to discontinue the medication after the risks had been
discussed with their psychiatrists.

Experimental Session

The participants were seated 0.7 m in front of the monitor
presenting the experimental instructions. After assessing sociode-
mographic and psychometric characteristics, the electrodes were
applied. Acoustic stimuli were presented against a background of
continuous 60-dB white background noise (created by a white
noise generator; Lafayette Instruments, Lafayette, IN). The exper-
imental procedures were computer controlled (ERTS, Version
3.32, BeriSoft, Frankfurt, Germany). Startle and prepulse stimuli
were elicited by a Contact Precision Instruments noise generator
(London, England) and presented binaurally over headphones
(Beyerdynamic DT 331, Heilbronn, Germany).

The participants were first presented with three startle stimuli to
verify the quality of recording and to get the participants accus-
tomed to the probe. Startle stimuli consisted of bursts of 50 ms of
96-dB white noise with an instantaneous rise time.

Startle tone

1. Tone =
prepulse

T
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Following this, the participants were instructed on the time-
discrimination task. They had to discriminate the length of a 5-s or
7-s time interval, which was delimited by the prepulse and a
second presentation of the same tone at the end of the interval
(20-ms, 68-dB white noise burst with 20-ms rise time). A button
was to be pressed when the interval was long and not pressed when
it was short. Following this, the controlled attention condition was
explained. This was signaled by one of two geometric figures
presented at the beginning of each trial (white silhouetted square or
triangle on black background, size 194 X 191 pixels). One indi-
cated that the time-discrimination task was required, and therefore,
attention was allocated to the prepulse (attention condition). After
the other figure, the time-discrimination task was not required, and
stimuli were ignored during this trial (ignore condition).

The participants then performed eight training trials (each of the
four combinations of interval duration and attention condition
were presented twice). These trials were comparable to the trials of
the main part of the study (see Figure 2), except that no startle
stimulus was presented, and feedback was provided in the intertrial
intervals using the words “correct” (button press in the attend
condition at the 7-s interval) and “false” (button press in the ignore
condition or attend condition at the 5-s interval).

The main part of the study investigated short SOAs (120 and
240 ms) to elicit PPI (early attentional processing) and long SOAs
(2,000 and 4,500 ms) to elicit PPF (late attentional processing), as
reported previously (Filion et al., 1993; Hawk et al., 2003; Hazlett
et al., 2007). The test session had 48 trials (see Figure 2). Twenty-
four trials had to be attended, 24 had to be ignored. Of these
respective test trials, 16 consisted of four trials for each SOA
condition with two trials having a time interval of 5 s and two of
7 s. The remaining eight were considered filler trials, entailing four
trials without a startle stimulus (two trials each with the 5-s and the
7-s time interval and four trials presenting the geometric figure and
a startle stimulus without a prepulse). Twelve startle stimuli were
also presented alone during the intertrial intervals (without any
geometric figure or prepulse). These were used to define basic
startle reactions and to calculate startle prepulse modulation.

Six pseudorandom sequences of trials were established; half of
them used the triangle to indicate the attention condition, the other
half used the square. The sequences had the following constraints:
no more than three trials of the same attention condition or more
than three consecutive alterations of conditions followed each
other (e.g., JATJACIA or AACICIAA). In addition, there were no

Startle tone

2. Tone
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I Geometric figure: attend or ignore

>
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Figure 2. Example of one trial with time estimation interval, the latter beginning with the prepulse stimulus and
followed by the startle tone. After each trial, a black screen was presented ending with the beginning of the next
trial (intertrial interval). During intertrial intervals, a startle tone was occasionally presented. SOA = stimulus

onset asynchrony.
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consecutive intervals of the same length or the same SOA (Hawk
et al., 2003). Finally, the test session was divided into two equiv-
alent blocks separated by a short break; the experimental condi-
tions were evenly distributed over the two blocks.

Startle Measurement

Startle responses were sampled electromyographically from the
orbicularis oculi and were recorded digitally with 1,000 Hz (Psy-
lab, Contact Precision Instruments bio amplifier, London, En-
gland, and Hellige miniature electrodes filled with electrode gel).
Signals were filtered with high- and low-pass filters at 30 Hz and
500 Hz, respectively, and a notch filter of 50 Hz.

The EMG signals were analyzed offline with an interactive
computer program (Schulz & Alpers, 2007) written in Matlab
(MathWorks, Miinchen, Germany). The data were first rectified
and integrated and then smoothed using a time constant of 100 ms.
Amplitude was quantified as the difference between the baseline
(average over 20 ms before the startle probe) and the peak occur-
ring within 21 to 150 ms after startle probe onset. Trials were
excluded when a spontaneous eye-blink response was detected
during the baseline or within 20 ms after the startle probe presen-
tation. A trial was also excluded in case the baseline or the startle
response deviated more than three standard deviations from the
individual’s mean (6.89% of trials). Trials with no detectable
response (8.07% of trials) were included in analyses with ampli-
tude of zero.

For each SOA by attention combination, EMG magnitude av-
erages were used to calculate percent prepulse inhibition (PPI) and
facilitation (PPF) relative to intertrial interval (ITI) startle magni-
tude according to the common procedure ([M — M)/
(M;rp] X 100; Hawk et al., 2003).

prepulse

Statistical Analysis

Data were analyzed with SPSS 15. Separate repeated-
measurement analyses of variance (ANOV As) were conducted for
PPI and PPF with the between-subjects factor group (ADHD,
controls) and the within-subject factors SOA (120, 240, or 2,000,
4,500) and attention (attend, ignore). Baseline startle responses and
their habituation were evaluated with repeated-measurement
ANOVAs with the between-subjects factor group and the within-
subject factor time of measurement (T1, T2, T3, T4; the 12 ITI
startle responses were divided into four measurement time points,
each being the mean of three consecutive startle responses).

Questionnaire data and overall error rate for the time-
discrimination task were evaluated with one-way ANOVAs with
the between-subjects factor group. We compared false alarms
(button press in the ignore condition or the 5-s attend condition)
and misses (no button press in the 7-s attend condition) with an
ANOVA using error type (false alarms/misses) as within-subject
and group as between-subjects factors. Errors in ignore (button
press) and attend trials (no button press for the 7-s interval, button
press in the 5-s interval) were also compared for PPI and PPF with
an ANOVA using prepulse condition (PPI/PPF) and attention
(ignore/attend) as within-subject factors and group as between-
subjects factor.

Finally, we also conducted all analyses with gender as between-
subjects factor to control for possible gender influences. Because

gender never had a significant impact, the results were reported
without the factor gender. Greenhouse-Geisser corrections were
applied where necessary. Follow-up ¢ tests were Bonferroni cor-
rected, and we report adjusted p values.

Results

Prepulse Inhibition (Early Attentional Processing)

Table 2 depicts the statistical effects for the prepulse inhibi-
tion ANOVA. PPI scores are depicted in Table 3. The ANOVA
did not indicate a significant group difference in PPI between
ADHD patients and controls, nor a significant attention effect.
As main finding, however, ANOVA revealed a significant
Group X Attention interaction, which indicated deficient con-
trolled attentional processing in ADHD patients. Only controls
showed the normal attention effect with stronger PPI in the
attend compared with the ignore condition; this was not present
in ADHD patients. Furthermore, the SOA effect was signifi-
cant, which was due to a stronger prepulse inhibition for SOA
120 compared with SOA 240.

Prepulse Facilitation (Late Attentional Processing)

Table 2 also depicts the statistical effects for the prepulse
facilitation ANOVA, and Table 3 shows the corresponding PPF
means. The ANOVA for PPF failed to indicate any significant
Group X Attention interaction. As for PPI, there was no group
main effect. However, the main SOA and attention effects were
significant. The SOA X Attention interaction indicated that al-
though PPF for both SOAs was higher for attend than for ignore
trials, PPF in the attend condition was even higher during SOA
4,500 than during SOA 2,000.

Baseline Startle and Habituation

The magnitudes of the baseline startle responses during ITIs
(see Table 2) did not differ between groups (means in pV = SD =
7.5 = 5.4 for patients and 9.9 = 9.0 for controls). However, they
declined during the four ITI measurements (T1 = 10.9 % 8.9,
T2 =91%82T3=77%75T4 =173 £ 6.6).

Additional Analyses for the Verification of PPI and
PPF Results

Because there were more smoking patients than smoking con-
trols (16 patients, 7 controls), x*(1, N = 98) = 4.6, p < .05, we
applied smoker status as an additional between factor into the PPI
and PPF ANOVAs. We also conducted the ANOV As only for the
sample of nonsmokers. However, the effects remained as reported
above (PPI SOA effect, PPI Group X Attention effect, PPF SOA
effect, PPF attention effect, PPF SOA X Attention effect; all F's >
6.1, ps < .05, 'qf, > .06). With smoker status as an additional
factor, the only change in the pattern of results entailed the loss of
the SOA effect in the PPI analysis, F(1, 94) = 2.3, p = .131,
nf, = .02. It is important to note that the Group X Attention effect
in the PPI analysis did not interact with smoker status, F(1, 94) =
.005, p = .946, ni < .001.
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Table 2

Overview of PPI, PPF, Startle Habituation, and Error Analyses and Effects

Effects and analyses

Statistics

PPIL
SOA
Attention
Group
Group X Attention
Patients: Ignore vs. Attend
Controls: Ignore vs. Attend
Ignore: Patients vs. Controls
Attend: Patients vs. Controls
Group X SOA
SOA X Attention
Group X SOA X Attention
PPF
SOA
Attention
Group
Group X Attention
Group X SOA
SOA X Attention
SOA 2,000: Ignore vs. Attend
SOA 4,500: Ignore vs. Attend
Ignore: SOA 2,000 vs. 4,500
Attend: SOA 2,000 vs. 4,500
Group X SOA X Attention
ITT startle and habituation
Time of measurement
T1 vs. T2
T1 vs. T3
T1 vs. T4
T2 vs. T3
T2 vs. T4
T3 vs. T4
Group
Group X Time of Measurement
Overall error rate
Group
False alarms vs. misses
Group
Error
Group X Error
Errors ignore vs. attend for PPI/PPF
Group
Attention
Prepulse condition
Group X Attention
Group X Prepulse Condition
Attention X Prepulse Condition
Group X Attention X Prepulse Condition

F(1,96) = 73,p < 01 w3 = .07
F(1,96) = 1.0, p = .310, > = .01
F(1,96) = 0.6, p = 424, q¢ = 01
F(1,96) = 68, p < 05, 2 = .07
148) = —1.0, p = .662

148) = 3.4, p < .001

196) = —0.5, p = .621

96) = 1.8, p = 246
F(1,96) = 0.3, p = 573, \2 = 003
F(1,96) = 0.01, p = 916, np< 001
F(1,96) = 0.6, p = 436, 2 = .01

F(1,96) = 259, p < 001, 2 = 21
(1, 96) = 42.0, p < 001, nE 31
F(1,96) = 0.2, p = 619, m2 = .003
F(1,96) = 23, p = .134, ng_ 02
F(1.96) = 0.5, p = 467, ng 01
F(1,96) = 293, p < 001, 12 = 23
1(97) = —3.3, p < 01

197) = =75, p < .001

197) = 0.4, p = 725

197) = —63, p < .001

F(1,96) = 0.5, p = 477, m2 = 01

F(3,288) = 30.8, p < .001, v = .24
#(97) = 4.3, p < .001

#(97) = 7.0, p < .001

#(97) = 7.0, p < .001

#(97) = 4.0, p < .001

#(97) = 4.6, p < .001

#97) = 1.1, p = 261
F(1,96) = 2.7, p = .101, = .03
F(3,288) = 0.3, p = .789, 2 = .003
F(1,96) = 1.5, p = 218, 12 = .02
F(1,96) = 1.5, p = 218, 2 = .02
F(1,96) = 7.2, p < .01, nz— .07
F(1,96) = 0.004, p = .949, n% < .001

F(1,96) = 0.9, p = 334, 1% = .01
F(1,96) = 185.8, p < .001, m? = .66
F(1, 96) = 0.003, p = .953, A < .001
F(1,96) = 0.6, p = 447, n% = .01

F(1, 96) = 0.03, p = .860, 12 < .001
F(1, 96) = 0.003, p = .954, m2 < .001
F(1, 96) = 0.003, p = .954, ng < .001

Note. PPl = prepulse inhibition; PPF =
intertrial interval; T = time of measurement.

Regarding comorbidity influences, we first conducted the PPI
and PPF analyses with ADHD patients (n = 11) and controls (n =
49) without comorbidity. In addition, we conducted the PPI and
PPF analyses with any comorbidity (present/absent) as covariate.
Finally, we subjected groups of psychiatric disorders (present/
absent) as covariates into the PPI and PPF analyses (affective
disorders, anxiety disorders, addiction, smoking, eating disorders,
Cluster A personality disorders, Cluster B personality disorders,
and Cluster C personality disorders). For all analyses, the effects
remained as reported (PPI SOA effect, PPI Group X Attention

prepulse facilitation; SOA =

stimulus onset asynchrony; ITI =

effect, PPF SOA effect, PPF attention effect, PPF SOA X Atten-
tion effect; all Fs > 4.7, ps < .032, m > .05).

Error Rate

The maximum achievable error rate was 48 (24 for ignore and 24
for attend trials). The ANOVA (see Table 2) revealed no group
differences in overall error rate (M, ienis = 5-3, SD = 4.0; M 015 =
44, SD = 3.2). Similarly, separate ANOVAs for false alarms
M, ions = 3.1, SD = 3.1; M., = 2.6, SD = 2.3) and misses

patients controls
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Table 3

Prepulse Startle Modulation (%) According to Group, Attention Condition, and SOA

Controls (n = 49) ADHD (n = 49)
Ignore Attend Ignore Attend
SOA M SD M SD M SD M SD
120 =712 23.1 =779 22.1 —70.8 325 —68.3 342
240 —63.1 28.1 —-72.8 24.7 —67.6 24.4 —62.9 40.9
2,000 0.05 42.6 132 559 —12.6 35.6 135 553
4,500 —1.3 335 434 70.1 —13.8 324 533 71.0

Note. SOA = stimulus onset asynchrony; ADHD = attention-deficit/hyperactivity disorder.

M paienss = 1.8, SD = 1.9) failed to find
group differences. However, false alarms (M = 2.8, SD = 2.7) were
more frequent than misses (M = 2.0, SD = 2.0), but this was
marginal. There were no group differences for error rates when
comparing errors in the ignore and attend trials for the PPI and PPF
conditions, but errors in the attend condition (M = 3.9, SD = 2.8)
were more frequent than errors in the ignore condition (M = 0.1,
SD = 0.3). Using error rates as covariates for the ANOVAs failed to
affect the aforementioned pattern of effects for either PPI or PPF.

=22,8D =22 M,

controls

Discussion

This is the first study to systematically compare early and late
processes of top-down controlled attention in adult ADHD using a
prepulse startle paradigm. Our main finding was that ADHD
patients showed a selective dysfunction of early controlled atten-
tional processing, as indicated by the absence of a significant
attention effect on PPL. This contrasted with intact controlled
attentional processing at a later stage of information processing, as
reflected in a normal attention effect on PPF. The main finding
also contrasted with the lack of differences between patients and
controls on PPI and PPF measured while participants were not
required to attend to the prepulse.

Dysfunctional early controlled attention is in accordance with
theories of ADHD as a disorder of top-down executive and effort-
ful processes (Sergeant et al., 2003). Consistent with this are
reports of ADHD-related derangements of the prefrontal cortex,
the anterior cingulate cortex, and the thalamus. These structures
are important for attentional control, including attentional modu-
lation of PPI (Hazlett et al., 1998, 2001; MacDonald et al., 2000;
Seidman et al., 2006; Tamm, Menon, & Reiss, 2006). Dysfunc-
tional early top-down controlled attentional processing was also
reported for ADHD boys with respect to reduced event-related
potentials to attended but not to ignored stimuli and with respect to
the absence of an attentional effect on PPI (Hawk et al., 2003;
Satterfield et al., 1994). Our results suggest that their findings may
also apply to adults and to individuals from both gender groups. It
therefore seems likely that the early attentional control dysfunction
reflects a stable biopsychological indicator of ADHD.

It is also important that later top-down controlled attentional
processes are intact in ADHD patients (PPF results). This suggests
that deficient attentional control seen in the early phase of infor-
mation processing (PPI results) disappears over time. Accordingly,
controlled attentional processing may be slowed down in ADHD.
A lag of several 100 ms behind normal attentional control could

lead to a prolonged attentional blink or to errors in continuous
performance tests (Li et al., 2004; Song et al., 2005) and may be
able to explain the slower performance of ADHD patients and their
reduced temporal resolution (Bellgrove et al., 2006; Nigg et al.,
2002). It needs to be examined whether the early attentional
control dysfunction contributes to other cognitive impairments in
memory and inhibitory dysfunctions as well.

It is important that no dysfunctions were noted in the nonat-
tending test condition. Thus, automatic PPI and PPF appear to be
intact in ADHD patients. This is in line with other studies using
these paradigms in ADHD (Castellanos et al., 1996; Feifel et al.,
2009; Hanlon et al., 2009; Hawk et al., 2003; Ornitz et al., 1992).
Accordingly, ADHD does not seem to be a disorder of dysfunc-
tional early and late automatic attentional processes or of con-
trolled late attentional processes. This sets ADHD aside from other
disorders, such as schizophrenia, with deficient automatic as well
as controlled PPI and PPF (Hazlett et al., 2007; Wynn et al., 2004)
and is consistent with the contrast in the severity of attentional
dysfunctions between ADHD and schizophrenia.

Error rate was similar across groups. The behavioral task was
not based on very short time intervals and therefore may be related
to the absence of controlled attentional deficits in PPF. Similarly,
we did not find differences in error rates between PPI and PPF
trials. So deficient early top-down attentional control in ADHD
patients was not simply due to a lack of compliance to the dis-
crimination task on the PPI trials. Indeed, the low error rate in
general points to an overall good compliance of the participants.
Independent of group, we observed some more errors during
attended compared with ignored trials, but this was expected
because of some difficulty in distinguishing the 5-s and 7-s time
intervals in the attend condition.

Our results are supported by strong effect sizes, strict individual
matching procedures, additional analyses, and a pattern of reac-
tivity in the controls that is comparable to that of previous studies.
More specifically, the strong top-down controlled attentional mod-
ulation of PPI and PPF seen in our control participants was also
noted previously (Filion et al., 1993; Heekeren, Meincke, Geyer, &
Gouzoulis Mayfrank, 2004). In general, PPI for SOA 120 was
stronger than that during SOA 240. This may reflect a decrease of
sensory gating over time. Indeed, it is functionally important that
subsequent stimuli also are processed (Norris & Blumenthal,
1996). The stronger PPF for SOA 4,500 compared with SOA 2,000
also fits with previous results (Hsieh, Swerdlow, & Braff, 2006;
Jennings et al., 1996). The interaction of SOA and attention
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indicated that the attention effect on PPF was stronger for SOA
4,500 compared with SOA 2,000, which shows that intentional
orienting increases from 2,000 to 4,500 ms after the prepulse
stimulus (Jennings et al., 1996).

Nevertheless, this is one of the first studies of its kind, so limitations
and open questions need to be noted regarding our sample, procedures,
and test parameters. Thus, our ADHD sample was marked by comor-
bidities. However, a high prevalence of comorbidities in ADHD is in
accordance with previous findings (Kessler et al., 2006; Miller, Nigg, &
Faraone, 2007) and suggests that we investigated a representative sample.
Furthermore, additional analyses showed that comorbidity did not ac-
count for the pattern of our results. Similarly, we did not obtain normative
ratings of adult ADHD symptoms, nor was information from relatives
always available. However, other data pointed to the clinical status of our
patients, including a self-report of symptom severity, the fulfillment of
DSM-1V ADHD criteria, available collateral information, and a require-
ment that strong impairments be present in at least two settings. This also
underscores the general complexity of diagnosis of ADHD and indicates
that tests based on early attentional control may be used to improve the
diagnosis of ADHD.

Regarding our test paradigm, we did not directly examine whether
carryover effects might have influenced the relation between ignored
and attended prepulses. ADHD patients have perseveration difficul-
ties and seem to respond to stimuli which were previously associated
with a task-specific significance, although they no longer have this
meaning (Alderson, Rapport, Sarver, & Kofler, 2008). However,
patients and controls did not differ in prepulse startle modulation in
ignored PPI and PPF trials for which carry-over effects should have
resulted in increased PPI and PPF in ADHD patients. Participants
were able to disengage their attention, because there was an absence
of PPF in ignored trials (cf. Putham & Vanman, 1999). Furthermore,
we observed a dysfunction in controlled attention in ADHD patients
only for PP, not for PPF. In addition, participants had 17.5 s between
the presentation of the signal to attend/ignore and the prepulse to
make themselves aware that the following acoustic stimuli can be
ignored. Finally, the error data indicate that ADHD patients were well
able to differentiate ignore and attend conditions.

Several issues emerge from this study. In healthy participants,
controlled attentional prepulse startle modulation has been ob-
served for a variety of short and long SOAs and seems to be
influenced by the same selective attentional mechanisms. This
points to a continuum of these controlled processes from early to
late information processing (Elden & Flaten, 2002; Jennings et al.,
1996; Schell et al., 2000). We did not find attentional control
dysfunctions in ADHD patients with longer time scales used in
PPF. This isolates the deficit in top-down attentional modulation to
rapid/early processes. However, we could not identify the time
frame in which this deficit resolves. Future studies with SOAs
between 240 and 2,000 ms may help to elucidate this question.

In addition, our test paradigm combines two different forms of
modulation: PPI and PPF. The paradigm does confirm our model of
attentional processing (see Figure 1), but it would be fruitful to apply
the design to other neurobiological measures, such as functional
imaging of brain areas involved in the relevant basic processes (e.g.,
prefrontal cortex). A further question is whether deficient early top-
down controlled attentional processes in ADHD primarily reflect
reduced motivation or effort. Thus, increases in arousal improve
sustained attention performance in ADHD (O’Connell et al., 2008).
Accordingly, future studies should focus on dissecting the nature of

the demonstrated early control dysfunction. We suggest that thera-
peutic interventions intended to reduce attentional dysfunctions in
ADHD would benefit from concentrating on these early controlled
attentional dysfunctions. Thus, increasing arousal by neurofeedback
or motivational factors may be useful strategies, because it has been
shown that these ameliorate attentional dysfunctions in ADHD
(O’Connell et al., 2008; Solanto, Wender, & Bartell, 1997).

To summarize, our results strongly suggest that only subcom-
ponents of attentional functions are disturbed in ADHD patients.
Thus, ADHD is characterized by a dysfunction in early top-down
controlled attentional processes, whereas automatic early and late
attentional processing and controlled attentional processing at later
stages seem to be normal.
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