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Background: Inhalant users have multiple comorbid
issues (e.g., polydrug use) that complicate identifying
inhalant-specific cognitive deficits. Objectives: The aim
of the present study was to use signal detection theory
to identify inhalant-specific differences in executive
control. Methods: We examined three well-matched
groups: 19 inhalant users, 19 cannabis users, and 19
controls using Stroop and Go/No-Go tasks. Results: In-
halant users demonstrated significantly lower d-prime
scores relative to controls, but not cannabis users, on
both tasks, suggesting possible executive deficits rela-
tive to controls. Conclusions/Importance: The results
of this study raise questions regarding inhalant toxicity
and the vulnerability of the adolescent brain to drugs
of abuse.
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INTRODUCTION

Cognitive impairments are a consistent finding in stud-
ies of chronic inhalant users. Even when compared to
other drug users, inhalant users frequently demonstrate
deficits in a broad range of cognitive domains (e.g., atten-
tion, executive functioning; Rosenberg, Grigsby, Dreis-
bach, Busenbark, & Grigsby, 2002; Scott & Scott, 2013;
Takagi, Lubman, & Yiicel, 2011; Vilar-Lopez et al., 2013;
Yiicel, Takagi, Walterfang, & Lubman, 2008). However,
many inhalant studies are criticized on methodological
grounds (e.g., unmatched control groups, comorbid sub-
stance use) (Lubman, Hides, & Yiicel, 2006; Takagi, Lub-
man, & Yiicel, 2008), making it difficult to identify any

inhalant-specific cognitive deficits. Takagi et al. (2011) at-
tempted to control for several of the confounds frequently
associated with inhalant users (e.g., comorbid substance
use), by recruiting three groups of 19 young people (ages
14-24): an inhalant-using group, a drug-using control
group, and a community control group. The inhalant and
drug-using controls were statistically equivalent at the
group level on demographic, clinical, and substance use
measures, and all three groups were statistically equiva-
lent on age, sex, and education. Takagi et al., (2011) uti-
lized experimental variations of the Stroop and Go/No-Go
tasks as these tests reliably probe attention and executive
functioning, two domains commonly reported as deficient
among inhalant users ( Takagi, Lubman, & Yiicel,, 2011).

By matching the two drug-using groups on several vari-
ables, Takagi et al., (2011) were able to more thoroughly
investigate inhalant-specific effects on executive control,
but found no significant differences between groups on
any Stroop or Go/No-Go measure. This was surprising
as inhalants are considered to be one of the most toxic
drugs of abuse, and previous studies have identified differ-
ences in white matter integrity between similar drug-using
groups (Yiicel et al., 2010) and between inhalant users and
controls (Takagi et al., 2013).

However, several cognitive results did approach signif-
icance (e.g., omission errors for the Go/No-Go and con-
gruent errors for the Stroop), suggesting that the sample
size may have been underpowered. In following this up, it
is important to investigate other approaches to data anal-
ysis that allow a more sensitive examination of the issue.

Signal Detection Theory (SDT; Green & Swets, 1966;
Swets, 1996) is one approach that allows for a more
rigorous examination of Stroop and Go/No-Go data by
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more closely examining the decision-making process.
SDT is a psychophysical model used for measuring per-
formance (i.e., successfully discriminating between signal
and noise; Macmillan & Creelman, 2004), and is widely
used to more accurately measure differences in cognitive
performance, including attention and executive function-
ing (Haatveit et al., 2010; Oades, 2000; See, Warm, Dem-
ber, & Howe, 1997; Tsoi et al., 2008).

SDT separates performance into two measures: sensi-
tivity and bias. Sensitivity, measured as d-prime, identi-
fies how well the participant is able to successfully dis-
criminate between correct and incorrect stimuli. Response
bias represents a participant’s tendency to select one re-
sponse or the other (i.e., an indication of a participant’s
bias toward responding “yes” or “no” based on their deci-
sion criteria, which is derived from the parameters of the
experiment; Macmillan & Creelman, 2004). The aim of
the present study was to examine whether inhalant users
were less able to discriminate between correct and incor-
rect stimuli on the Stroop and Go/No-Go using SDT than
cannabis and healthy controls. We hypothesized the in-
halant users would have lower d-prime scores relative to
the other groups, suggesting inhalant users were less able
to successfully discriminate between correct and incorrect
stimuli. We also hypothesized that lower d-prime scores
would be significantly correlated with inhalant use param-
eters (e.g., lower d-prime scores would be negatively cor-
related with quantity of inhalant use).

METHOD

Participants
Three groups of young people (ages 13—24 years) were
recruited for this study: a chronic inhalant-using group
(daily or almost daily use for >12 months); a drug-using
control group (daily or almost daily use for >12 months);
and a community control group (no prior history of reg-
ular substance use [>weekly use]). Participants were re-
quested to abstain from using any substance for at least
24 hours prior to testing and all groups were equivalent on
age, sex, and education; the drug-using groups were sta-
tistically equivalent on substance use measures, 1Q, and
clinical measures [See Table 1, reproduced from Takagi
et al. (2011)]. The clinical measures used to match the
drug-using participants were the Youth Self Report from
the Child Behaviour Checklist (Achenbach, 1997) and the
Positive and Negative Affect Schedule (Watson, Clark, &
Tellegen, 1988). All three groups were recruited from the
western suburbs of Melbourne, Australia. The commu-
nity controls were largely recruited from advertisements
placed in local community centers, and the cannabis and
inhalant groups were sourced through the Victorian De-
partment of Human Services (DHS). See Takagi et al.,
(2011) for more detailed participant information.
Although both drug-using groups used other drugs
(e.g., alcohol), the drugs they abused most frequently were
inhalants and cannabis, respectively. Thus, for the remain-
der of this paper, we will refer to them as the “inhalant
group” and the “cannabis group”. The inhalant group

comprised 19 (7 males and 12 females, ages 14-20 years)
participants who reported abusing inhalants (all abused
spray paints) daily or almost daily for a minimum of 12
months. The majority of participants in the drug-using
group were not included in traditional education streams
for a variety of reasons (e.g., behavioral difficulties) and
thus their level of education was not commensurate with
their non-drug-using peers. Considering the strong impact
education has on IQ performance (Matarazzo & Herman,
1984), participants with an IQ < 70 were included in the
study.

The cannabis group comprised 19 (11 males and 8
females, ages 15-21 years) participants who regularly
abused (continuous daily or almost daily use for a mini-
mum of 12 months) other substances (primarily cannabis).
The community control group comprised 19 participants
(7 males and 12 females, ages 13—24 years) recruited from
the general population who had no prior history of regu-
lar substance use. Participants who were diagnosed with a
psychotic disorder, head injury, an unstable medical ill-
ness or were prescribed psychotropic medications were
excluded from the study.

Cognitive Measures
The Go/No-Go task parameters analyzed in the present
study are described elsewhere (Takagi et al., 2011). Indi-
viduals saw alternating left- and right-facing arrows and
indicated the direction of the arrows. Arrows were usually
green; however, occasionally, a red arrow was presented.
In this case, individuals waited until the arrow disappeared
and then continuing responding to the green arrows. Ar-
rows were always alternating from left to right to further
enhance predictability and induce errors in responding.
The Stroop task analyzed in the present study was mod-
ified by Carter et al. (2000). In this task, participants were
presented with the color words BLUE, GREEN, RED,
or YELLOW, written in either congruent (i.e., YELLOW
presented in yellow) or incongruent (i.e., YELLOW pre-
sented in blue) conditions. The Stroop tasks were pre-
sented on a PC laptop and responses were made using the
keyboard with colored stickers to identify the correct col-
ors. Six blocks of 96 trials were presented. Three blocks
had high expectancy for congruent trials [75% congruent
trials (C/C) and 25% incongruent trials (C/I)]; the other
three blocks comprised high expectancy for incongruent
trials [75% incongruent (I/T) and 25% congruent (I/C)].
The purpose of this task is to probe executive control by
manipulating the participant’s expectancies for congru-
ent/incongruent stimuli. For the 75% incongruent blocks,
the participant’s expectations for incongruent stimuli are
high and they recruit more cognitive resources. Thus, the
prepotent response of word reading is reduced, which
leads to a reduced Stroop effect. In contrast, for the 75%
congruent trials, expectations for congruent trials are high,
which suggest less top-down cognitive resources being re-
cruited given the relatively infrequent occurrence of the
incongruent trials. Therefore, word reading more strongly
interferes with color naming, leading to a larger Stroop ef-
fect (Carter et al., 2000). The results of the standard Stroop
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4 M. TAKAGI ET AL.

TABLE 2. Go/No Go d-prime, and ¢ group comparisons

Descriptive Inhalant Cannabis Community controls Test Test statistic
Variable statistic N=19 N=19 N=19 statistic value df p-value
d-prime Mean (SD) 2.81(.99) 3.33 (.96) 3.52(.61) F 3.79 2,60 .028*
c Mean (SD) —.81(.31) —.78 (.38) —.77(22) F .086 2,60 917

*Significant result

measures (congruent Stroop effect: reaction times for in-
congruent trials — reaction times for congruent trials) are
described elsewhere (Takagi et al., 2011).

Signal Detection Analysis

SDT separates performance into measures of sensitivity
(d-prime) and bias (c). Sensitivity identifies how well the
participant is able to successfully discriminate between
correct and incorrect stimuli (e.g., “go” and “no-go” re-
sponses) as measured by the proportion of “go” trials to
which subject responded “go” (hit rate) and the proportion
of “no-go” trials to which subject responded “go” (false
alarm rate). Response bias, measured as ¢ in the present
study, represents a participant’s tendency to select one re-
sponse or the other (Macmillan & Creelman, 2004). When
measuring sensitivity (d-prime), it is important to account
for response bias (c) as differences in bias represent dif-
ferent strategies for completing the experiment. For exam-
ple, a strict criterion (i.e., tendency to respond no, or not
respond to a “go” stimuli) would minimize false alarms
but increase the likelihood of misses whereas a lax criteria
(i.e., tendency to respond yes, or respond to a “go” stim-
uli) would minimize misses but increase the likelihood of
false alarms (Macmillan & Creelman, 2004).

For d-prime, a higher value represents higher levels of
sensitivity (i.e., more able to successfully identify correct
stimuli and reject incorrect stimuli) and for bias, a positive
c value represents a tendency to say “no” and a negative
c value represents a tendency to say “yes”. The calcula-
tion of d-prime and ¢ were carried out using the formulas
described in Macmillan and Creelman (2004). To avoid
problems of division by zero, hit rates and false alarm rates
of 1 or 0 were adjusted by 0.05 (Macmillan & Creelman,
2004). For example, a hit rate of 1.0 would be adjusted to
.95.

Data Analysis

For all analysis of variance (ANOVA) models that reached
significance and met the assumption of homogeneity of
variance, Tukey post hoc tests were used. For models that
violated this assumption, Games—Howell post hoc tests
were used to account for this violation. For the correla-
tional analysis, if all variables were continuous, Pearson’s
product-moment correlations were used. If the variables
were dichotomous (e.g., have you ever used inhalants
regularly: yes or no), point-biserial correlations were
used.

RESULTS

The drug-using groups were statistically equivalent on full
scale 1Q; however, there were significant differences be-
tween the groups on verbal IQ ( Takagi, Lubman, & Yiicel,
2011). We examined the relationship between verbal 1Q
and all d-prime measures; however, they were not signifi-
cant and verbal IQ was not included as a covariate.

Go/No-Go

One-way independent-groups ANOVA models were per-
formed on the d-prime and c, (see Table 2). There were
significant differences between the three groups on mea-
sures of d-prime on the Go/No-Go task. Games—Howell
post hoc tests revealed significant differences between the
inhalant and control groups (p = .021, d = .88), with in-
halant users having a significantly lower d' scores. The
d-prime score between the inhalant and cannabis groups
was not significant (p = .21, d = .55).

Stroop

To explore the possible main effects of trial type (con-
gruent, incongruent) and expectancy (mostly congruent,
mostly incongruent) and expectancy by trial type inter-
action, a two-way repeated-measures ANOVA was per-
formed examining the Stroop reaction time data. Group
differences were also examined. There was a significant
main effect of trial type (F{1,56} = 180.31, p < .001) and
a significant main effect of expectancy (F{1,56} = 12.92,
p = .001). Further, the expectancy by trial type interac-
tion was also significant (F{1,56} =42.16, p < .001). The
main effect of group was not significant (F{1,2} = 3.02,
p = .057).

Considering the significant interaction, we performed
a simple main effects analysis. For trial type, expectancy
had a significant effect on the reaction times for both con-
gruent (F{1,56} = 88.7, p < .001) and incongruent trials
(F{1,56} = 146.1, p < .001). In contrast, high expectancy
for incongruent trials did not have a significant effect on
trial type reaction time (F{1,56} = .78, p = .382), but low
expectancy for incongruent trials did (F{1,56} = 30.6, p
< .001).

For the individual reaction times for the I/C and I/
conditions, only the I/C reaction time was significantly
different between the groups (see Table 3). Tukey post
hoc tests revealed inhalant users performed significantly
slower than community controls (p = .019, d = .9). The
remaining comparisons were not significant.
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TABLE 3. Stroop effect, reaction times, d-prime, and ¢ group comparisons for the Stroop

Descriptive Inhalant Cannabis Controls Test  Test statistic

Variable statistic N=19 N=19 N=19 statistic value df  p-value
Mostly incongruent Mean (SD)  66.66 (76.12) 93.33 (53.22) 88.02(67.94) F .858 2,54 430

Stroop effect (I/1 - I/C)
Reaction Times
Ic Mean (SD)  846.77 (116.6)  772.79 (111.3)  736.98 (133.59) F 4.08 2,54 .022*
vl Mean (SD) 913.44 (126.72) 866.12 (126.83) 825.01 (129.5) F 2.28 2,54 112
Signal Detection
L 1/C d-prime Mean (SD) 3.26 (.72) 3.7(.6) 3.7 (.38) F 35 2,54 .037*
I/, 1/C Bias ¢ Mdn. —0.07 —0.05 —0.05 Kw 1.21 2 547
C/1, C/C d-prime Mean (SD) 3.43 (.74) 3.65(.62) 3.85 (.46) F 2.25 2,54 116
C/1, C/C Bias ¢ Mdn. —.1 -.22 —.26 Kw 2.65 2 266

Mdn. = median, KW = Kruskal-Wallis, I/C = incongruent/congruent, I/I = incongruent/incongruent, C/I = congruent/incongruent, C/C =

congruent/congruent

A one-way ANOVA was performed to assess group
differences in mean Stroop effect for the mostly in-
congruent condition (I/I-I/C). There were no significant
differences between the groups with respect to Stroop
effect.

Finally, d-prime and c were calculated for each Stroop
condition (high expectancy for congruent stimuli and high
expectancy for incongruent stimuli). For the high ex-
pectancy for incongruent condition (I/I and I/C), there
was a significant difference in d-prime scores between
the groups. However, Games—Howell post hoc tests failed
to reveal any significant differences between inhalant and
controls (p = .060, d = .79), inhalant and cannabis users
(p = .137, d = .65) and cannabis and community controls
(p = .988,d = .04).

Correlations

The d-prime measures for the I/I and I/C condition of
the Stroop and Go/No Go were significant and included
in correlational analysis. Further, only the inhalant group
was included in the analysis and, to reduce the likelihood
of Type I error, only inhalant use measures were exam-
ined. The Go/No-Go d-prime measure was negatively cor-
related with lifetime inhalant use (Have you ever used in-
halants?) (ry, = —.306, p = .02) and regular inhalant use
(Have you ever used inhalants regularly?) (r,, = —.406, p
= .002) suggesting regular and lifetime inhalant use was
significantly associated with lower d-prime scores (i.e.,
less sensitivity). The Go/No-Go d-prime measure was also
negatively correlated with frequency of use (r = —.418, p
= .033) and last use amount (r = —.450, p = .021), sug-
gesting frequent and heavy use of inhalants was signifi-
cantly associated with lower d-prime scores.

For the Stroop, the d-prime measure for the I/T and I/C
condition was negatively correlated with regular inhalant
use (rp, = —.308, p = .02), amount used in a typical day
(r=-.707, p = .005), and last use amount (r = —.406, p
= .04), suggesting regular, heavy inhalant use was signif-
icantly associated with lower d-prime score.

DISCUSSION

The aim of the current study was to examine possible
deficits in executive control among young, regular in-
halant users relative to a cannabis-using control group and
a community control group using SDT. On the Go/No-
Go task, the inhalant users had significantly lower d-
prime scores relative to community controls, indicating
the inhalant users were less able to successfully discrim-
inate between a “go” and a “no-go” signal. Further, the
d-prime measure was significantly and negatively cor-
related with inhalant use measures, suggesting regular,
heavy inhalant use was significantly associated with lower
d-prime scores. There were no significant differences be-
tween the groups on the response bias measure, suggest-
ing all three groups adopted a similar strategy for perform-
ing the Go/No-Go task (i.e., all three groups adopted a
more liberal strategy, tending to respond to “go” signals).

With respect to the Stroop task, for all three groups, the
expectancy by trial-type interaction was significant and
the main effect of group was not significant, indicating
all three groups were able to successfully form expectan-
cies for incongruent stimuli and adjust performance to
optimize resolution of response conflict. There were
significant differences between the groups on the I/I,
I/C d-prime measure. Post hoc tests failed to reveal any
significant differences; however, the comparison between
the inhalant users and the community controls approached
significance and had a large effect size (p = .060, Cohen’s
d=.79), with inhalant users having a lower d-prime score.
Further, there were significant differences between the
groups on RT for the Stroop I/C condition, with inhalant
users performing significantly slower relative to com-
munity controls. In other words, in the high expectancy
for incongruent trials condition, the inhalant users were
significantly slower when responding to congruent trials
relative to controls and inhalant users were less able to
successfully discriminate between congruent and incon-
gruent trials. Finally, the I/1, I/C d-prime measure was also
significantly and negatively correlated with inhalant use
measures, suggesting regular, heavy use was associated
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with greater difficulties in decision-making processes. As
with the Go/No-Go, there were no significant differences
between the groups on bias measure ¢, suggesting similar
strategies for performing the Stroop task.

The increase in cognitive demand for the high ex-
pectancy incongruent condition requires the deployment
of additional cognitive resources. Although the post hoc
tests did not reveal a significant result, the I/I, I/C d-prime
results suggest inhalant users were less able to success-
fully perform the Stroop task in this condition (i.e., suc-
cessfully discriminate between congruent and incongru-
ent stimuli) relative to controls, suggesting possible exec-
utive control deficits. Further, inhalant users were signif-
icantly slower in the I/C condition relative to community
controls.

When examined in conjunction with the Go/No-Go re-
sults, the pattern of performance demonstrated by the in-
halant group could represent a deficit in attentional set
shifting when compared with controls; a notion that is
consistent with previous studies investigating white mat-
ter abnormalities in inhalant users (e.g., morphological
abnormalities in the corpus callosum; Takagi et al., 2013;
Yiicel et al., 2010). In other words, once the inhalant users
have formed an attentional set (e.g., responding to mostly
incongruent stimuli in the I/I, I/C condition), they have
difficulties in successfully adjusting to the parameters of
a different condition (e.g., the C/I, C/C condition, or not
responding to a “no-go” signal). In a practical sense, in
situations of high cognitive or emotional demand, inhalant
users would be less able successfully shift their attention
from one task to the other; this could include shifting fo-
cus away from harmful activities such as using inhalants.

Interestingly, there remained no significant differences
between the clinical groups on any measure despite more
sensitive and sophisticated methods of analysis. This
raises the possibility that inhalants may not be more toxic
to brain than other psychoactive substances during ado-
lescence and that the adolescent brain is particularly vul-
nerable to all drugs of abuse (e.g., alcohol and cannabis).
This is surprising considering the primary psychoactive
substance found in spray paint is toluene, which is hy-
pothesized to be the most toxic commonly misused sub-
stance (Hartman, 1995; Yiicel et al., 2010). However,
there is support for the notion that the adolescent brain is
vulnerable to a range of toxic substances (e.g. inhalants,
alcohol, cannabis; De Bellis et al., 2005; Pope et al.,
2003; Takagi et al., 2011; Takagi et al., 2013), suggest-
ing that any deficits previously identified among inhalant-
using populations may reflect adolescent polysubstance
use rather than inhalant abuse specifically. This is particu-
larly relevant to inhalant research as inhalant users are al-
most certainly polysubstance users (Lubman et al., 2006;
Sakai, Hall, Mikulich-Gilbertson, & Crowley, 2004; Tak-
agi et al., 2011); therefore, it is difficult to identify any
drug-specific or synergistic drug effects.

Moreover, it is possible that, with continued use,
chronic inhalant users will develop more significant
cognitive and neurobiological abnormalities relative to
chronic cannabis users. Alternatively, individuals with

certain cognitive profiles may be more likely to develop
drug use problems during adolescence. Indeed, early
school failure is a major risk factor for adolescent sub-
stance misuse. More methodologically rigorous longitu-
dinal studies are required to explore these possibilities.

The limitations of the present study are discussed in
detail elsewhere (Takagi et al., 2011). In brief: (1) the
study is cross-sectional in design, which limits our abil-
ity to determine causality; (2) in order to maximize re-
cruitment of a difficult group and to include a more rep-
resentative sample, we employed liberal exclusion crite-
ria (e.g., including participants with an IQ < 70); (3) sev-
eral inhalant users attended alternative schools that did not
maintain an academic environment commensurate with
mainstream schooling, and this may account for the in-
halant group’s relatively low IQ score; (4) substance use
histories were self-reported, and participants may have
downplayed their inhalant use due to the stigma associ-
ated with inhalant misuse; (5) and there was no biochem-
ical verification to confirm abstinence from substance use
(e.g., urine drug screens), and it is possible that absti-
nence for longer than 24 hours may also have influenced
cognitive performance. However, it is important to note
strengths of the present study. The experimental cogni-
tive tasks (Stroop and Go/No-Go) are more sensitive to
possible pathology and allow for a more detailed exam-
ination of specific cognitive systems (e.g., conflict mon-
itoring with the Stroop; Carter, 2005). Further, SDT is a
more sophisticated method for examining cognitive per-
formance and revealed significant differences between in-
halant users and controls that were obscured when exam-
ining raw error data (Takagi et al., 2011).

In summary, the pattern of performance on the Stroop
and Go/No-Go suggests executive dysfunction, with pos-
sible deficits in attentional set shifting when compared
with controls. As with the previous study, there were
no significant differences between inhalant and cannabis
users. The results of this study highlight several key no-
tions. First, it is important to consider utilizing experi-
mental cognitive tasks when examining substance-using
populations as these tasks are more likely to discriminate
subtle pathology when compared to standard measures
(e.g., broad measures of intellectual ability). Second, SDT
is a more sophisticated and sensitive method of examin-
ing cognitive performance when compared to analyzing
raw error data. Finally, the lack of significant differences
between the clinical groups after employing more sensi-
tive and sophisticated methods of analysis raises impor-
tant questions regarding the toxicity of inhalants and the
vulnerability of the adolescent brain to drugs of abuse (i.e.,
the adolescent brain is particularly vulnerable to all drugs
of abuse). Utilizing well-matched control groups is an im-
portant issue for future inhalant studies to consider.
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GLOSSARY

Cognitive control: Refers to processes that allow informa-
tion processing and behavior to vary adaptively from
moment to moment depending on current goals, rather
than remaining rigid and inflexible.

d-Prime: A sensitivity index used in signal detection the-
ory.

Inhalants: Inhalants are chemical substances that give off
fumes or vapors at room temperature.

Signal Detection Theory: A statistical technique designed
to locate a signal against a background of noise.
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