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Background: The ability to inhibit motor responses, as assessed by the stop-signal reaction time (SSRT), is impaired in children and
adolescents with attention-deficit/hyperactivity disorder (ADHD). However, the between-study variation in effect sizes is large. The aim of
this study was to investigate whether this variability can be explained by between-study variation in Go task complexity.

Method: Forty-one studies comparing children or adolescents diagnosed with ADHD to normal control subjects were incorporated in a
random-effects meta-regression analysis. The independent variables were a global index of Go task complexity (i.e., mean reaction time in
control subjects [RTc]) and a more specific index (i.e., spatial compatibility of the stimulus-response mapping). The dependent variable was
the SSRT difference between ADHD and control subjects.

Results: The SSRT difference increased significantly with increasing RTc. Moreover, the SSRT difference was significantly increased in
studies that employed a noncompatible, that is, arbitrary, mapping compared with studies that incorporated a spatially compatible
stimulus-response mapping.

Conclusions: These results indicate that inhibitory dysfunction in children and adolescents with ADHD varies with task complexity:
inhibitory dysfunction in ADHD is most pronounced for spatially noncompatible responses. Explanations in terms of inhibition and working

memory deficits and a tentative neurobiological explanation are briefly discussed.
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ity disorder (ADHD) is the inability to inhibit motor

responses when signaled to do so (1-5). Many studies
used the well-established stop-signal paradigm to obtain an
index of inhibitory efficiency (6-7). The stop-signal task usually
requires participants to perform a Go task that involves a
speeded choice response—for example, to issue a right-hand
button press to an X and a left-hand press to an O. Occasionally
and unpredictably, a stop signal is presented shortly after the Go
signal, instructing the participant to withhold the response
activated by the Go signal. Varying the onset of the stop signal
allows for the calculation of the latency of the covert stop
process, or the stop-signal reaction time (SSRT), as an index of
inhibitory control (7).

Children diagnosed with ADHD typically show a prolonged
stop-signal RT compared with healthy age-matched control
subjects, as shown in three meta-analyses (8—10). Although the
reported average effect sizes deviate significantly from zero in all
three meta-analyses, the variation across clinical studies is large:
the reported difference between SSRT in ADHD versus control
subjects varies between 0 and 190 msec. Transforming these
differences to standardized effect sizes (Hedges G) yields effect

O ne of the key symptoms of attention-deficit/hyperactiv-
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sizes varying between 0 and 1.3. This broad range is remarkable,
given the fact that in the behavioral sciences, a Hedges G effect
size of .2 is considered small and .8 as large (11). The central aim
of this study was therefore to identify task-related factors that
may have contributed to this large variation in effect sizes
between studies.

The Go tasks used in the stop-signal paradigm can be
characterized by the degree of spatial compatibility of the
stimulus-response mapping, which may be spatially compatible,
spatially noncompatible, or spatially incompatible (12). An ex-
ample of a spatially compatible task is a right-hand button press
when an arrow points to the right and a left-hand button press if
an arrow points to the left. A spatially noncompatible task may
require a right-hand button press to an X and a left-hand button
press to an O. Note that in this case, the mapping between
stimulus and response is arbitrary. A spatially incompatible task
may require a right-hand button press after a left-pointing arrow
and a left-hand button press after a right-pointing arrow.

From nonclinical studies, it is well known that responses are
slower on tasks that are spatially less compatible than on
compatible tasks (12-14). In addition, several nonclinical studies
have shown diminished inhibitory control over responses that
are spatially less compatible than compatible mappings (15-21).
ADHD studies indicated that children with ADHD respond
disproportionally slower in tasks that are spatially less compati-
ble (22-24; meta-analysis in 25).

In sum, in nonclinical studies, it has been shown that spatial
compatibility affects both response speed and inhibitory control.
In ADHD studies, it has been shown that spatial compatibility has
a disproportional effect on response speed. This leads to the
conjecture that spatial compatibility of the stimulus-response
mapping may also have a disproportional effect on inhibitory
control in children diagnosed with ADHD. More specifically, we
hypothesized that spatial compatibility may be an important
factor that explains the large variation in effect sizes between
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Table 1. Characteristics of Studies Incorporated in the Meta-Regression Analysis
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ADHD Subjects

Control Subjects

SSRTa- Var(SSRTa-
Study Method Task® Cmp® N RT SD(RT) SSRT SD(SSRT) N RT SD(RT) SSRT SD(SSRT) SSRTc SSRTc)
Bedard (2003) (26) Tracking Stop-sel -1 59 567 158 524 235 59 587 223 403 187 121 1529
Bitsakou (2008) (27) Tracking Stop =1 54 615 118 286 108 29 660 140 254 98 32 580
Bitsakou (2008) (27) Tracking Stop -1 23 546 138 300 153 21 559 133 201 57 929 1258
Chhabildas (2001) (28) Tracking Stop -1 33 — — 341 131 82 — — 258 85 83 427
Daugherty (1993) (29)  Variable Stop =1 11 739 — 153 — 15 702 — 148 — 5 2826
Dimoska (2003) (30) Tracking Stop -1 13 724 69 360 61 13 645 112 260 88 100 882
Geurts (2004) (31) Variable Change 1 54 498 129 321 96 41 487 101 237 72 84 321
Jennings (1997) (32) Fixed Stop 3 12 527 — 348 — 26 515 — 352 — —4 2184
Johnstone (2007) (33)  Tracking Stop -1 13 743 117 480 164 13 667 162 541 88 —61 2665
Konrad (2000) (34) Tracking Stop 1 31 612 59 431 77 26 572 69 357 76 74 414
Konrad (2000) (35) Tracking Stop 1 10 593 30 431 62 10 572 64 351 70 80 874
Kuntsi (2001) (36) Variable Stop 1 51 527 96 239 81 118 476 102 222 68 17 146
Liotti (2007) (37) Variable  Stop -1 16 840 176 283 163 30 966 147 210 102 73 1525
Manassis (2000) (38) Tracking Stop =1 15 672 139 288 157 16 567 105 237 157 51 3184
Mclnerney (2003) (39)  Tracking Stop —1 30 — — 364 100 30 289 74 75 516
Nigg (1999) (40) Tracking Stop -1 25 714 98 405 156 25 652 148 295 84 110 1256
Nigg (2002) (41) Tracking Stop =1 64 719 105 399 170 41 654 129 298 83 101 814
Nigg (2007) (42) Tracking Stop -1 134 — — 418 156 72 — — 322 108 96 425
Oosterlaan (1996) (43)  Variable  Stop 1 15 428 71 256 63 17 352 58 224 33 32 305
Oosterlaan (1998) (44) Variable Stop 1 14 420 80 247 139 21 330 50 192 69 55 1250
Overtoom (2002) (45) Fixed Stop 1 16 598 161 454 280 16 508 104 262 91 192 5418
Pliszka (1997) (46) Variable  Stop -1 13 839 108 329 90 14 731 65 221 67 108 923
Pliszka (1997) (46) Variable Stop =1 25 — — 288 163 31 — — 176 59 112 993
Pliszka (2000) (47) Variable Stop -1 10 625 140 428 155 10 679 114 337 73 91 2935
Pliszka (2006) (48) Variable Stop =1 8 1040 290 719 124 15 1175 120 644 108 75 2473
Purvis (2000) (49) Tracking Stop =1 17 658 105 308 132 17 534 89 265 86 43 1460
Rubia (1998) (50) Variable Stop 1 11 603 82 330 81 11 602 83 260 26 70 658
Rubia (2001) (51) Fixed Stop 1 2 16 590 109 271 113 23 611 93 229 38 42 640
Rubia (2005) (52) Tracking Stop 1 16 809 121 210 316 21 758 161 255 283 —45 9752
Rubia (2007) (53) Tracking Stop 1 32 — — 279 105 34 — — 214 75 65 500
Rucklidge (2002) (54)  Tracking Stop -1 35 440 107 216 122 37 404 105 152 52 64 479
Schachar (1995) (56) Variable  Stop =1 14 841 202 472 259 22 719 137 355 94 117 3636
Schachar (2000) (55) Tracking Stop -1 72 664 133 332 149 33 579 108 264 76 68 756
Schachar (2004) (57) Tracking Stop -1 151 635 135 314 168 41 578 138 234 98 80 754
Schachar (2007) (58) Tracking Stop =1 78 620 109 326 163 50 612 150 255 109 71 685
Scheres (2001) (59) Tracking Stop 1 24 456 91 251 128 41 404 72 222 95 29 774
Slusarek (2001) (60) Tracking Stop 1 33 569 172 297 139 33 584 156 251 116 46 993
Solanto (2001) (61) Variable  Stop =1 77 764 186 436 281 29 769 119 290 104 146 2877
Stevens (2002) (62) Tracking Stop —1 76 506 — 343 — 76 526 — 296 — 47 472¢
Walcott (2004) (63) — Stop -1 26 — — 434 105 23 — — 311 920 123 791
Willcutt (2005) (64) Tracking Stop -1 113 672 121 340 125 151 660 118 281 115 59 220

RT, mean reaction time to go signal; SD(RT), within-group standard deviation of RT; SSRT, stop-signal reaction time; SD(SSRT), within-group standard
deviation of SSRT; Var(SSRTa-SSRTc), estimated variance of SSRT difference between ADHD and control subjects (this estimator requires that the variance of
SSRT is reported [66] p. 331).

IStop, stop task; Stop-sel, stop task, but only inhibit responses after one type of stop stimulus; Change, change task; Stop 1, Go task is not a two-choice task

but only requires a single response.

bCmp: —1, spatially noncompatible; 1, spatially compatible; 2, only single response required; 3, spatially compatible movement of mouse.
“Three studies did not report SD(SSRT); in these cases, the average of other studies was used.

stop-signal studies that compared children or adolescents with
ADHD to healthy control subjects.

Methods and Materials

Inclusion Criteria for Studies

All studies reported in previous meta-analyses (8—10) were
considered as possible candidates for the present meta-regres-
sion analysis. In addition, using Web of Science, we searched the
literature between 1995 and 2008 with key words ADHD or
attention-deficit/byperactivity disorder and stop task or stop-
signal task. We included only studies that satisfied the following
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criteria: 1) the study should concern children or adolescents (or
both) up to 18 years of age,' 2) the study should address a
comparison between ADHD and normal control subjects; 3) the
study should report the SSRT. This resulted in 41 studies for
further analysis (26—64; see Table 1).

Some studies reported multiple experimental conditions or
groups. One study compared nonreward and reward conditions
(35). Because there was a significant interaction of this manipu-

"We included only child and adolescent studies because there are
indications that ADHD inhibition deficits may differ between chil-
dren/adolescents and adults (9).
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lation with group (ADHD vs. controls), we incorporated only the
nonreward condition, matching most other studies. Reinforce-
ment was manipulated in two studies (44,62), but no interaction
with group was found, and therefore results were pooled across
reinforcement conditions. The duration of each trial was manip-
ulated in one study (59), but results were averaged across
duration conditions because there was no interaction with group.
Study (46) consisted of two substudies, and differences between
these studies were not tested; therefore, we incorporated the two
studies separately. In one study (27), both children and adoles-
cents were investigated; because there were effects of age group,
we incorporated the two studies separately.

Most studies used the variable or tracking stop-signal para-
digm, except for three studies (32,45,51) that reported a fixed
stop-signal paradigm. The fixed stop-signal paradigm uses only
one stop-signal delay, the variable paradigm has multiple delays,
and the tracking paradigm dynamically sets the stop delay in an
online fashion. Because the fixed method may yield less reliable
results than the variable and tracking paradigms (65), we per-
formed the meta-regression twice: first including all studies, and
again excluding the fixed-delay studies. In addition, two studies,
one with compatible and one with noncompatible mapping
(33,52), reported negative effect sizes, indicating that participants
with ADHD actually performed better than normal control
subjects. To check whether these two outliers substantially
affected the results, we performed a third analysis without them.

Meta-Regression

Meta-regression offers the opportunity to determine whether
continuous or discrete study characteristics influence effect sizes.
More specifically, effects sizes (the dependent variable) are
regressed on study characteristics (the independent variables),
and the resulting coefficients and associated tests provide an
indication of the influence of study characteristics. In a random-
effects meta-regression, two types of variation are taken into
account: within-study variation and between-study variation. In a
fixed-effects meta-regression, it is assumed that between-study
variation is zero, and only within-study variation is incorporated.
Consequently, a fixed-effects analysis is more powerful but,
unfortunately, also less reliable if between-study variation is
present (66,67). Therefore, the present analyses were performed
with a random-effects meta-regression (MiMa software) (68). A
random effects meta-regression yields an estimator and test of
between-study variation (QE statistic), as well as estimates and
tests of effects of study characteristics. All test results are two-
tailed.

Choice of Dependent Variable

The effect size was the SSRT difference between ADHD and
control subjects: SSRTa-SSRT¢ (69).2 This effect size is shown in
the SSRTa-SSRTc¢ column in Table 1. A random effects meta-
regression requires that the variance of each effect size be

Two types of effect sizes may be considered (66). One option is a
difference between means, SSRTa-SSRTc. Another option is Hedges
G, a difference between means divided by its standard deviation. The
advantage of Hedges G is that it transforms different dependent
variables into a similar scale. However, a disadvantage is that effect
sizes depend not only on the key variable of interest, the SSRT
difference, but also on its standard deviation. This may distort the
relationship between study characteristics and SSRT differences (69).
Because all studies used the same dependent variable, SSRT, there is
no need to use Hedges G, and therefore we were able to use mean
differences.
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incorporated into the analysis. This variance of the effect size,
which is a function of within study variance (cf. 66), is tabulated
in the var(SSRTa-SSRT¢) column in Table 1.

Choice of Independent Variables

The mean reaction time to the Go signal in control subjects
(RTc) was taken as a global index of Go task complexity (cf.
8,41). RTc was incorporated as a continuous independent vari-
able in the meta-regression. The other nominal independent
variable was an experimentally set and therefore a more specific,
index of Go task complexity. It referred to spatial compatibility of
the stimulus-response mapping in the Go task. All studies that
required a spatially compatible response were coded as 1. One
study (32) required the movement of a mouse toward a target,
and one study (51) required only a single response. These were
also coded as compatible responses. All remaining studies
required the translation of a nonspatial stimulus (e.g., X and O)
into a spatial response. These studies were coded as noncom-
patible responses: —1. Note that none of the studies employed
an incompatible mapping.

Results

Test of Hypotheses

A meta-regression without independent variables indicated
that the average SSRT difference deviated significantly from zero
(b = 67.37, p < .001) and that there was significant variation
between studies (QF = 63.47, df = 40, p = .0D).

Study characteristics and results are given in Table 1. As can
be seen in the left panel of Figure 1, there is a positive
relationship between the SSRT difference and task complexity as
assessed by RTc. That is, the SSRT difference increased with
increasing task complexity. This was supported by the meta-
regression results, that is, the RTc effect showed a trend (b = .08,
p = .006). Another indication that RTc¢ is important is based on the
observation that incorporation of RTc as independent variable
reduced the significant variation between studies (QE = 44.90
df = 33, p = .08).

In Figure 1, it can also be seen that large SSRT differences are
associated with noncompatible responses, whereas small SSRT
differences are associated with spatially compatible responses.
This compatibility effect was found to be significant in the
meta-regression (b = —13.34, p <. 01). Incorporation of the
compatibility effect as independent variable again reduced be-
tween-study variation (QF = 51.32, df = 39, p = .09).

A reanalysis excluding the three fixed stop-signal studies
yielded comparable results. The RTc trend remained (b = .08,
p = .06), as did the compatibility effect (b = —13.05 p = .0D).
A reanalysis excluding also the two studies with negative SSRT
differences did not remove effects (cf. Figure 1, right-hand
paneD); on the contrary, the effects became even stronger (RTc
effect: b= .09, p = .03; compatibility effect (b= —13.76 p < .0D).

Tests of Potential Confounds

The aforementioned results indicate that task complexity
affects SSRT differences between ADHD and normal control
subjects, but this effect may be due to potential confounds. More
specifically, it might be argued that these task-complexity effects
are due to a coupling with sample characteristics, such as age,
medication status, the proportion of females in the ADHD
sample, or ADHD types in each study. If such a coupling would
exist, then these confounds, listed in Table 2, would have a
significant effect on the SSRT difference. Moreover, adding a
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Figure 1. Stop-signal reaction time differences between subjects with attention-deficit/hyperactivity disorder (ADHD) and control subjects as a function of
mean reaction time in controls (RTc) for studies that employed a spatially compatible (filled circles) versus a noncompatible mapping (open circles). The
regression line depicts the effect of RTc obtained from the meta-regression for all studies (left panel) and for only those studies that incorporated the variable

or tracking procedure and did not report negative effect sizes (right panel).

potentially confounding variable to the analysis would then
remove the task complexity effect.

We therefore tested whether a potentially confounding vari-
able affected the SSRT difference and, if so, whether it reduced
the task complexity effect. To promote conciseness, all tests of
confounding variables concern the reduced data set in which we
omitted fixed studies and studies with negative effect sizes. This
data set is not diluted by potential artefacts and therefore yields
the highest power to detect confounding variables. In addition,
also for reasons of conciseness, we only report results concern-
ing the compatibility effect; tests of the MRTc effect gave rise to
similar conclusions.

Average age and medication status (medication free vs. off
medication for at least 18 hours) were unrelated to the SSRT
difference (respectively p = .85 and p = .11). Effect sizes
decreased if the percentage of females in the ADHD sample
increased (b = —73.28, p = .04). A meta-regression with both
percentage of females and compatibility yielded a significant
compatibility effect (b = —15.65, p < .001). This indicates that
the percentage of females in the ADHD sample is not con-
founded with task complexity.

The samples consisted of various ADHD types (cf. Table 2):
hyperactive, inattentive, combined, combined plus conduct dis-
order, or a mixture of any of these four diagnoses. We tested the
potential confounding variable: presence of conduct disorder.
This effect was found to be significant: studies that included
(some) children or adolescents with conduct disorder yielded
higher SSRT differences than studies without conduct disorder
(b = 12.60, p = .04). If both diagnosis and compatibility were
included in the meta-regression analysis, the compatibility effect
remained significant (b = —15.49, p < .001). This shows that
diagnosis is not confounded with task complexity.

It might also be argued that the compatibility effects are
related to other task characteristics (Table 2). We first investi-
gated the effect of the attractiveness of a Go task stimulus,
presuming that a picture (i.e., a plane) is more attractive than a
symbol (i.e., a square or a character). A meta-regression analysis
indicated, however, a nonsignificant effect of attractiveness on
the SSRT difference (p = .11). It also might be argued that RTc
does not reflect task difficulty but instead the speed-accuracy
trade-off in a particular study. In this case, the percentage of
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incorrect responses would also affect the SSRT difference. How-
ever, this was not found to be the case (p = .12). In addition, the
percentage of stop trials and the number of test trials failed to
influence the SSRT difference (respectively, p = .53, p = .54).
There was a significant effect of the number of learning trials,
with the SSRT difference decreased with an increasing number of
learning trials (b = —.54, p < .01). However, a meta-regression
with both the number of learning trials and the compatibility
effect still yielded a significant compatibility effect (b = —15.3,
p = .02), indicating that the number of learning trials is not a
confounding variable.

In sum, although we did find significant effects of the percentage
of female participants in the ADHD sample, the presence of conduct
disorder in the ADHD sample, and the number of learning trials,
none of these variables acted as a confounder of the compatibility
effect.

Discussion

Several studies have shown that the reaction time of children
with ADHD, as compared with normal control subjects, is more
affected in spatial incompatible (22-24) and spatial noncompat-
ible (25) tasks. This study shows that inhibitory dysfunction of
children with ADHD, compared with normal control subjects, is
also more affected in spatial noncompatible tasks.

Two interpretations, not necessary mutually exclusive, may
underlie the effect of noncompatibility on inhibitory dysfunction.
One interpretation explains the effect in terms of an interaction
between two inhibitory mechanisms. An arbitrary mapping may
engender greater competition for response selection. That is, if
the participant is confronted with a stimulus that requires an
arbitrary mapping to a response, then there is activation of both
response options that should be inhibited until the participant
has matched the stimulus to the required response. This inhibi-
tion of nonspecific response activation might interact with the
inhibitory process required for stopping. Note that there is less
need for this initial suppression when applying spatially compat-
ible mapping rules because here the translation of a stimulus to
response occurs faster.

A second interpretation is that although storage of a complex
stimulus-response mapping in working memory and inhibition
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Table 2. Potential Confounds
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Potential Sample Confounds

Potential Task Confounds

Study Age ADHD%F  Diagnosis®  Medic® Stimulus® No. Learning No.Test % Stop % Error C
Bedard (2003) (26) 8.5 .20 A/H/(C+CD) — Character (X/0) 32 192 20 7.7
Bitsakou (2008) (27) 10.7 .19 C >18 Character (X/0) 64 128 25 —
Bitsakou (2008) (27) 14.4 17 C >18 Character (X/0) 64 128 25 —
Chhabildas (2001) (28)  11.1 27 C >18 Character (X/0) — — — —
Daugherty (1993) (29) 11.2 — C+CD — Character (X/0) 96 432 25 24
Dimoska (2003) (30) 9.8 — A/C >18 Character (T/0) 24 240 30 5.9
Geurts (2004) (31) 9.2 .00 A/H/(C+CD) >18 Picture (position plane) 64 256 25 —
Jennings (1997) (32) 9.8 .00 C >18 Picture (position ice cream cart) >25 200 30 —
Johnstone (2007) (33) 11.7 23 C >18 Picture (apple/lion) 24 240 30 10.7
Konrad (2000) (34) 10.4 .10 A/H/C off Picture (position ufo) 80 320 25 —
Konrad (2000) (35) 10.5 .20 A/H/C off Picture (position ufo) 80 320 25 —
Kuntsi (2001) (36) 8.9 .53 H off Picture (position plane) 128 256 25 2.9
Liotti (2007) (37) 12.6 31 C off Character (A/B) 192 960 25 13
Manassis (2000) (38) 10.1 27 C — Character (X/0) 64 256 25 —
Mclnerney (2003) (39) 10.1 .10 C >18 Character (X/0) — 128 25 —
Nigg (1999) (40) 8.9 32 C+CD — Character (X/O) 64 256 25 7
Nigg (2002) (41) 15.0 A1 A/(C+CD) >18 Character (X/0) 64 256 25 —
Nigg (2007) (42) 9.5 31 A/C >18 Character (X/0) 64 256 25 —
Oosterlaan (1996) (43) 2.0 13 C >18 Symbol (position square) 64 256 25 4.8
Oosterlaan (1998) (44) 10.1 14 C >18 Picture (position plane) 64 256 25 5.5
Overtoom (2002) (45) 104 .00 C+CD >18 Picture (direction feather clown) 360 600 40 49
Pliszka (1997) (46) 74 .08 C+CD FMTT  Symbol(light green/red) 48 432 25 3.8
Pliszka (1997) (46) — 15 C+CD FMTT  Symbol(light green/red) 48 432 25 —
Pliszka (2000) (47) 11.2 .00 C >18 Character (A/B) — 1440 25 4.0
Pliszka (2006) (48) 13.1 .38 C off Character (A/B) — 480 25 6.0
Purvis (2000) (49) 93 .06 C >18 Character (X/0) — 156 25 5.1
Rubia (1998) (50) 9.2 .00 C+CD FMTT  Picture (position plane) — 200 30 3.5
Rubia (2001) (51) 15.4 — C >18 Picture (plane) 90 180 30 —
Rubia (2005) (52) 13.5 .0 C+CD >18 Symbol (direction arrow) — 196 20

Rubia (2007) (53) 11.1 .06 C+CD >18 Picture (direction plane) — 178 27 —
Rucklidge (2002) (54) 15.1 43 C >18 Character (X/0) — — 25 35
Schachar (1995) (56) 9.0 — C >18 Character (X/0) 72-216 288 — —
Schachar (2000) (55) 9.2 .20 C >18 Character (X/0) 64 256 25 —
Schachar (2004) (57) 8.8 23 A/H/C >18 Character (X/0) — 92 25 5.7
Schachar (2007) (58) 9.8 21 A/H/(C+CD) >18 Character (X/0) — 128 25 3.8
Scheres (2001) (59) 10.2 25 A/H/C >18 Picture (direction plane) 128 192 25 6.3
Slusarek (2001) (60) 9.3 — C — Symbol (position cross) 30 192 — 8.0
Solanto (2001) (61) 8.6 14 C/(C+CD) FMTT  Character (X/O) 32 240 33 —
Stevens (2002) (62) 10.0 24 C >18 Character (X/0) — 320 25 —
Walcott (2004) (63) 9.2 .00 C >18 Character (X/0) — 256 — —
Willcutt (2005) (64) 1.4 35 A/C >18 Character (X/0) — — — —

ADHD %F, percentage of female subjects in attention-deficit/hyperactivity disorder (ADHD) sample; Age, average age; No. Learning, number of learning
trials; No. test, number of test trials; % stop, percentage of stop trials; % error C, commission error percentage in control subjects.

“Diagnosis was with DSM-III. A, inattentive; C, combined, C+CD: combined where some children were diagnosed with conduct disorder; H, hyperactive/
impulsive. Studies without conduct disorder were coded as — 1, with conduct disorder as +1.

®Medication (Medic): off, no medication; >18, if stimulants were used, then participants were asked to refrain from medication at least 18 (in general 24)
hours before testing; FMTT, free of medication at time of testing. Off was coded as —1, >18 and FMTT were coded as +1.

Stimuli were characters, pictures, or symbols. Characters and symbols were coded as unattractive stimuli (—1), and pictures were coded as attractive

stimuli (+1).

are different processes, they both tap into the same control
mechanism. This interpretation would gain plausibility 1) if
working memory and inhibition require intactness of the same
anatomic regions and 2) if children or adolescents with ADHD
suffer from deficits in tasks that draw on working memory and on
inhibition. The first requirement seems to be fulfilled, because
both working memory and inhibition in the stop-signal task
require intactness of the right inferior frontal gyrus (3,70,71). The
second requirement is also met because ADHD is not only
characterized by inhibition deficits but also by marked working
memory impairments (1,2,72). It should be stressed again, how-

ever, that the two explanations just outlined are not mutually
exclusive. The ADHD deficit in stopping noncompatible re-
sponses could be related to both impairments in working
memory and interactions between manifestations of inhibitory
control.

As noted earlier, recent studies indicate that the right inferior
frontal gyrus function might function suboptimally in ADHD
(3,71). Moreover, Chambers et al. (73,74) showed in a set of
transcranial magnetic stimulation studies that the right inferior
frontal gyrus is crucial for successful inhibition of responses to
spatially incompatible (74) and spatially noncompatible (73)
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stimuli but not for inhibition of responses to spatially compatible
stimulus arrays (74). Therefore, our finding that inhibitory diffi-
culties in ADHD are especially pronounced in spatially noncom-
patible tasks is in line with the observation that the right inferior
frontal gyrus functions suboptimally in ADHD.

Obviously, our findings should be interpreted with caution.
Meta-regression is a correlational technique, and therefore causal
relationships cannot be inferred. However, we were able to
show that none of the additionally investigated sample- or
task-related variables acted as a confound. This does not imply
that these variables do not explain variation between studies. In
fact, it was found that studies with a higher percentage of females in
the ADHD sample showed smaller SSRT differences, that studies
incorporating children or adolescents with conduct disorder re-
ported higher SSRT differences, and that studies with a larger
number of learning trials reported smaller SSRT differences.

To conclude, this meta-regression analysis shows that the
magnitude of ADHD inhibition deficits depends on the complex-
ity of the Go task. More specifically, inhibitory deficits are more
pronounced on tasks that require spatially noncompatible—that
is, arbitrary—stimulus-response mappings than on tasks that
require spatially compatible mappings. Therefore, if the stop task
is used as an instrument to quantify inhibitory dysfunction in
children with ADHD and if the primary interest of a study is to
assess “pure” inhibition after a stop signal, independent of other
inhibitory processes or working memory, it is advised to use a Go
task with a compatible mapping. However, the Go task with a
noncompatible mapping will yield a higher discriminating
power. Another advantage of this noncompatible mapping is that
it has larger real-life validity: in real life, most tasks require
noncompatible stimulus-response mappings.

This research is supported by a VIDI grant (HMH) and a VENI
grant (WPMvdW) from the Netherlands Organization for Scien-
tific Research.

The autbors reported no biomedical financial interests or
potential conflicts of interest.

1. Barkley RA (1997): Behavioral inhibition, sustained attention, and exec-
utive functions: constructing a unifying theory of ADHD. Psychol Bull
121:65-94.

2. Castellanos FX, Tannock R (2002): Neuroscience of attention-deficit/
hyperactivity disorder: The search for endophenotypes. Nat Rev Neuro-
5¢i3:617-628.

3. Aron AR, Poldrack RA (2005): The cognitive neuroscience of response
inhibition: Relevance for genetic research in attention-deficit/hyperac-
tivity disorder. Biol Psychiatry 57:1285-1292.

4. Nigg JT (2005): Neuropsychologic theory and findings in attention-
deficit/hyperactivity disorder: The state of the field and salient chal-
lenges for the coming decade. Biol Psychiatry 57:1424-1435.

5. SergeantJA (2005): Modeling attention-deficit/hyperactivity disorder: A
critical appraisal of the cognitive-energetic model. Biol Psychiatry 57:
1248-1255.

6. Logan GD (1994): On the ability to inhibit thought and action: A users’
guide to the stop signal paradigm. In Dagenbach D, Carr TH, editors.
Inhibitory Processes in Attention, Memory, and Language. San Diego, CA:
Academic Press.

7. Logan GD, Cowan WB (1984): On the ability to inhibit thought and
action: A theory of an act of control. Psychol Rev 91:295-327.

8. Oosterlaan J, Logan GD, Sergeant JA (1998): Response inhibition in
AD/HD, CD, comorbid AD/HD+CD, anxious, and control children: A
meta-analysis of studies with the stop task. J Child Psychol Psychiatry
39:411-425.

9. Lijffijt M, Kenemans JL, Verbaten MN, van Engeland H (2005): A meta-
analytic review of stopping performance in attention-deficit/hyperac-
tivity disorder: Deficient inhibitory motor control? J Abnorm Psychol
114:216-222.

www.sobp.org/journal

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

H.M. Huizenga et al.

. Willcutt EG, Doyle AE, Nigg JT, Faraone SV, Pennington BF (2005): Valid-

ity of the executive function theory of attention-deficit/hyperactivity
disorder: A meta-analytic review. Biol Psychiatry 57:1336 -1346.

. Cohen J (1992): A power primer. Psychol Bull 112:155-159.
. Kornblum S, Hasbroucq T, Osman A (1990): Dimensional overlap: Cog-

nitive basis for stimulus-response compatibility—a model and taxon-
omy. Psychol Rev 97:253-270.

. Hommel B (1997): Toward an action-concept model of stimulus-re-

sponse compatibility. In Prinz B, Prinz W, editors. Theoretical Issues in
Stimulus-Response  Compatibility. North Holland, The Netherlands:
Elsevier Science, 281-320.

. Schwartz SP, Pomerantz JR, Egeth HE (1977): State and process limita-

tions in information processing: An additive factors analysis. J Exp Psy-
chol Hum Percept Perform 3:402-410.

. Kramer AF, Humphrey DG, Larish JF, Logan GD, Strayer DL (1994): Aging

and inhibition: Beyond a unitary view of inhibitory processing inatten-
tion. Psychol Aging 9:491-512.

. Logan GD, Irwin DE (2000): Don’t look! Don’t touch! Inhibitory control of

eye and hand movements. Psychonom Bull Rev 7:107-112.

. Morein-Zamir S, Nagelkerke P, Chue R, Franks I, Kingsone A (2006):

Compatibility effects in stopping and response initiation in a continu-
ous tracking task. Q J Exp Psychol 59:2148-2161.

. Ridderinkhof KR, Band GPH, Logan GD (1999): A study of adaptive be-

havior: Effects of age and irrelevant information on the ability to inhibit
one’s actions. Acta Psychol 101:315-337.

. van den Wildenberg WPM, van der Molen MW (2004): Developmental

trends in simple and selective inhibition of compatible and incompati-
ble responses. J Exp Child Psychol 87:201-220.

Verbruggen F, Liefooghe B, Notebaert W, Vandierendonck A (2005):
Effects of stimulus-stimulus compatibility and stimulus-response com-
patibility on response inhibition. Acta Psychol 120:307-326.
Verbruggen F, Liefooghe B, Vandierendonck A (2005): The interaction
between stop signal inhibition and distractor interference in the flanker
and Stroop task. Acta Psychol 116:21-37.

Fuggetta GP (2006): Impairment of executive functions in boys with
attention deficit/hyperactivity disorder. Child NeuroPsychol 12:1-21.
Crone EA, Jennings JR, van der Molen MW (2003): Sensitivity to interfer-
ence and response contingencies in attention deficit/hyperactivity dis-
order. J Child Psychol Psychiatry 44:214-226.

Ridderinkhof KR, Scheres A, Oosterlaan J, Sergeant JA (2005): Delta plots
in the study of individual differences: New tools reveal response inhibi-
tion deficits in AD/HD that are eliminated by methylphenidate treat-
ment.J Abnorm Psychol 114:197.

Alderson RM, Rapport MD, Kofler MJ (2007): Attention-deficit/hyperac-
tivity disorder and behavioral inhibition: a meta-analytic review of the
stop signal paradigm. J Abnormal Child Psychol 35:745-758.

Bedard A-C, Ickowicz A, Logan GD, Hogg-Johnson S, Schachar R, Tan-
nock R (2003): Selective inhibition in children with attention-deficit/
hyperactivity disorder off and on stimulant medication. J Abnorm Psy-
chol 31:315-327.

Bitsakou P, Psychogiou L, Thompson M, Sonuga-Barke EJS (2008): Inhib-
itory deficits in attention-deficit/hyperactivity disorder are indepen-
dentof basic processing efficiency and IQ. J Neural Transm 115:261-268.
Chhabildas N, Pennington BF, Willcutt EG (2001): A comparison of the
neuropsychological profiles of the DSM-IV subtypes of ADHD. J Abnorm
Child Psychol 29:529 -540.

Daugherty TK, Quay HC, Ramos L (1993): Response perseveration, inhib-
itory control, and central dopaminergic activity in childhood behavior
disorders. J Genetic Psychol 154:177-188.

Dimoska A, Johnstone SJ, Barry RJ, Clarke AR (2003): Inhibitory motor
control in children with attention-deficit/hyperactivity disorder: Event-
related potentials in the stop-signal paradigm. Biol Psychiatry 54:1345-
1354.

Geurts HM, Verté S, Oosterlaan J, Roeyers H, Sergeant JA (2004): How
specific are executive functioning deficits in attention deficit hyperac-
tivity disorder and autism? J Child Psychol Psychiatry 45:836 - 854.
Jennings JR, van der Molen MW, Pelham W, Debski KB, Hoza B (1997):
Inhibition in boys with attention deficit hyperactivity disorder as in-
dexed by heart rate change. Dev Psychol 33:308-318.

Johnstone SJ, Barry RJ, Clarke AR (2007): Behavioural and ERP indices of
response inhibition during a stop-signal task in children with two sub-
types of attention-deficit hyperactivity disorder. Int J Psychophysiol 66:
37-47.



H.M. Huizenga et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Konrad K, Gauuggel S, Manz A, Scholl M (2000): Inhibitory control in
children with traumatic brain injury (TBI) and children with attention
deficit/hyperactivty disorder (ADHD). Brain Injury 14:859-875.

Konrad K, Gauggel S, Manz A, Scholl M (2000): Lack of inhibition: A
motivational deficit in children with attention deficit/hyperactivity dis-
order and children with traumatic brain injury. Child NeuroPsychol
6:286-296.

Kuntsi J, Oosterlaan J, Stevenson J (2001): Psychological mechanisms in
hyperactivity: Response inhibition deficit, working memory impair-
ment, delay aversion, or something else? J Child Psychol Psychiatry 42:
199-210.

Liotti M, Pliszka SR, Perez R, Luus B, Glahn D, Semrud-Clikeman M (2007):
Electrophysiological correlates of response inhibition in children and
adolescents with ADHD: Influence of gender, age, and previous treat-
ment history. Psychophysiology 44:936 -948.

Manassis K, Tannock R, Barbosa J (2000): Dichotic listening and response
inhibition in children with comorbid anxiety disorders and ADHD. J Am
Acad Child Adolescent Psychiatry 39:1152-1159.

Mclnerney RJ, Kerns KA (2003): Time reproduction in children with
ADHD: Motivation matters. Child Neuropsychol 9:91-108.

Nigg JT (1999): The ADHD response-inhibition deficit as measured by
the stop task: Replication with DSM-IV combined type, extension, and
qualification. J Abnormal Child Psychol 27:393-402.

Nigg JT, Blaskey LG, Huang-Pollock CL, Rappley MD (2002): Neuropsy-
chological executive functions and DSM-IV ADHD subtypes. J Am Acad
Child Adolescent Psychiatry 41:59 - 66.

Nigg J, Nikolas M, Friderici K, Park L, Zucker RA (2007): Genotype and
neuropsychological response inhibition as resilience promoters for at-
tention-deficit/hyperactivity disorder, oppositional defiant disorder,
and conduct disorder under conditions of psychosocial adversity. Dev
Psychopathol 19:767-786.

Oosterlaan J, Sergeant JA (1996): Inhibition in ADHD, aggressive and
anxious children: A biologically based model of child psychopathology.
J Abnorm Child Psychol 24:19-36.

Oosterlaan J, Sergeant JA (1998): Effects of reward and response cost on
response inhibition in AD/HD, disruptive, anxious and normal children.
JAbnorm Child Psychol 26:161-174.

Overtoom CC, Kenemans JL, Verbaten MN, Kemner C, van der Molen
MW, van Engeland H, et al. (2002): Inhibition in children with attention-
deficit/hyperactivity disorder: A psychophysiological study of the stop
task. Biol Psychiatry 51:668 -676.

Pliszka SR, Borcherding SH, Spratley K, Leon S, Irick S (1997): Measuring
inhibitory control in children. J Dev Behav Pediatr 18:254-259.

Pliszka SR, Liotti M, Woldorff MG (2000): Inhibitory control in children
with attention-deficit hyperactivity disorder: Event-related potentials
identify the processing component and timing of an impaired right-
frontal response inhibition mechanism. Biol Psychiatry 48:238 -246.
Pliszka SR, Glahn DC, Semrud-Clikeman M, Franklin C, Perez R, Xiong JJ
(2006): Neuroimaging of inhibitory control areas in children with atten-
tion deficit hyperactivity disorder who were treatment naive or in long-
term treatment. Am J Psychiatry 163:1052-1060.

Purvis KL, Tannock R (2000): Phonological processing, not inhibitory
control, differentiates ADHD and reading disability. J Am Acad Child
Adolesc Psychiatry 39:485-494.

Rubia K, Oosterlaan J, Sergeant JA, Brandies D, van Leeuwen T (1998):
Inhibitory dysfunction in hyperactive boys. Behav Brain Res 94:25-32.
Rubia K, Taylor E, Smith AB, Oksannen H, Overmeyer S, Newman S
(2001): Neuropsychological analyses of impulsiveness in childhood hy-
peractivity. British J Psychiatry 179:138 -143.

Rubia K, Smith AB, Brammer MJ, Toone B, Taylor E (2005): Abnormal
brain activation during inhibition and error detection in medication-
naive adolescents with ADHD. Am J Psychiatry 162:1067-1075.

RubiaK, Smith A, Taylor E (2007): Performance of children with attention
deficit hyperactivity disorder (ADHD) on a test battery of impulsiveness.
Child NeuroPsychol 13:276 -304.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

BIOL PSYCHIATRY 2009;65:39—45 45

Rucklidge JJ, Tannock R (2002): Neuropsychological profiles of adoles-
cents with ADHD: Effects of reading difficulties and gender. J Child
Psychol Psychiatry 43:988-1003.

Schachar R, Mota VL, Logan GD, Tannock R, Klim P (2000): Confirmation
of an inhibitory deficit in attention-deficit hyperactivity disorder. J Ab-
norm Child Psychol 28:227-235.

Schachar R, Tannock, R, Marriott, M, Logan, G (1995): Deficientinhibitory
control in attention deficit hyperactivity disorder. J Abnormal Child Psy-
chol 23:411-437.

Schachar RJ, Chen S, Logan GD, Ornstein TJ, Crosbie J, Ickowicz A, et al.
(2004): Evidence for an error monitoring deficit in attention deficit hy-
peractivity disorder. J Abnormal Child Psychol 32:285-293.

Schachar R, Logan GD, Robaey P, Chen S, Ickowicz A, Barr C (2007):
Restraint and cancellation: Multiple inhibition deficits in attention defi-
cit hyperactivity disorder.J Abnormal Child Psychol 35:229-238.
Scheres A, Oosterlaan J, Sergeant JA (2001): Response execution and
inhibition in children with AD/HD and other disruptive disorders: the
role of behavioral activation. J Child Psychol Psychiatry 42:347-357.
Slusarek M, Veilling S, Bunk D, Eggers C (2001): Motivational effects on
inhibitory controlin children with ADHD.JAm Acad Child Adolesc Psychi-
atry 40:355-363.

Solanto MV, Abikoff H, Sonuga-Barke, Schachar R, Logan GD, Wigal T, et
al. (2001): The ecological validity of delay aversion and response inhibi-
tion as measures of impulsivity in AD/HD: A supplement to the NIMH
multimodal treatment study of AD/HD. J Abnorm Child Psychol 29:215-
228.

Stevens J, Quittner AL, Zuckerman JB, Moore S (2002): Behavioral inhi-
bition, self-regulation of motivation and working memory in children
with attention deficit hyperactivity disorder. Dev Neuropsychol 21:117-
139.

Walcott CM, Landau S (2004): The relation between disinhibition and
emotion regulation in boys with attention deficit hyperactivity disorder.
J Clin Child Adolesc Psychol 33:772-782.

Willcutt EG, Pennington BF, Olson RK, Chhabildas N, Hulslander J (2005):
Neuropsychological analyses of comorbidity between reading disabil-
ity and attention deficit hyperactivity disorder: In search of the common
deficit. Dev Neuropsychol 27:35-78.

Band GPH, van der Molen MW, Logan GD (2003): Horse race model
simulations of the stop-signal procedure. Acta Psychol 112:105-142.
Normand SL (1999): Meta-analysis: Formulating, evaluating, combining
and reporting. Stat Med 18:321-359.

Van Houwelingen HC, Arends LR, Stijnen T (2002): Tutorial in biostatis-
tics: Advanced methods in meta-analysis: Multivariate approach and
meta-regression. Stat Med 21:589-624.

Viechtbauer W (2006): MiMa: An S-plus/R function to fit meta-analytic
mixed-, random-, and fixed-effects models [computer software and
manual]. Available at: http://www.wvbauer.com/. Accessed August 12,
2008.

Bond CF Jr, Wiitala WL, Richard FD (2003): Meta-analysis of raw mean
differences. Psychol Meth 8:406-418.

Aron AR, Robbins TW, Poldrack RA (2004): Inhibition and the right infe-
rior frontal cortex. Trends Cogn Sci 8:170-177.

. Clark L, Blackwell AD, Aron AR, Turner DC, Dowson J, Robbins TW,

Sahakian BJ (2007): Association between response inhibition and work-
ing memory in adult ADHD: A link to right frontal cortex pathology? Bio/
Psychiatry 61:1395-1401.

Martinussen R, Hayden J, Hogg-Johnson S, Tannock R (2005): A meta-
analysis of working memory impairments in children with attention-
deficit/hyperactivity disorder. J Am Acad Child Adolescent Psychiatry 44:
377-384.

Chambers CD, Bellgrove MA, Stokes MG, Henderson TR, Garavan H,
Robertson IH, et al. (2006): Executive “brake failure” following deactiva-
tion of human frontal lobe. J Cogn Neurosci 18:444 - 455,

Chambers CD, Bellgrove MA, Gould IC, English T, Garavan H, McNaught
E, et al. (2007): Dissociable mechanisms of cognitive control in prefron-
tal and premotor cortex. J Neurophysiol 98:3638 -3647.

www.sobp.org/journal


http://www.wvbauer.com/

	Task Complexity Enhances Response InhibitionDeficits in Childhood and Adolescent Attention-Deficit/Hyperactivity Disorder: A Meta-Regression Analysis
	Methods and Materials
	Inclusion Criteria for Studies
	Meta-Regression
	Choice of Dependent Variable
	Choice of Independent Variables

	Results
	Test of Hypotheses
	Tests of Potential Confounds

	Discussion
	References


