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Abstract
Rationale Given the hypothesised association between
cannabis use and schizophrenia, and the well documented
alterations in pre-pulse inhibition (PPI) that are observed in
schizophrenia, it is of interest to examine the effects of
cannabis use on PPI.
Objective The objective of the study was to use novel
methodology for the measurement and characterisation of
attentional modulation of PPI, in order to examine the
nature of PPI in chronic cannabis users.
Methods PPI was measured in 34 chronic cannabis users
(who were otherwise healthy) and 32 healthy controls,
across a range of startling stimulus intensities, during two
attention set conditions, one in which they were instructed
to attend to the auditory stimuli and one in which they were
instructed to ignore the auditory stimuli and focus on a
visual task. Curves of best fit were fitted to the startle
magnitudes, across the stimulus intensities. A number of
reflex parameters were extracted from these logistic
functions, each of which reflects a different characteristic
of the startle response.
Results Cannabis users failed to show attentional modulation
of any of the reflex parameters and showed altered PPI,
relative to controls, but only when they were instructed to
sustain attention to the auditory stimuli.

Conclusion Cannabis users showed an attention-dependant
alteration in PPI, which appeared to reflect a deficit in sustain
attention, and which was different to that which has been
observed in schizophrenia using the same methodology.

Keywords Pre-pulse inhibition . Startle . Schizophrenia .

Cannabis . Attention . Cognition

The possibility of a relationship between cannabis use and
schizophrenia has a relatively long and controversial
history, and the past 15 years has seen extensive research
attention on this topic. Despite the breadth of literature, the
exact nature of this relationship is still unclear (e.g.
Degenhardt and Hall 2006; Degenhardt et al. 2003), and
the topic remains controversial. Given the hypothesised
association between cannabis use and schizophrenia, it is of
interest to examine whether cannabis use in healthy people
produces effects on cognitive and psychophysiological
endophenotypes consistent with those observed in schizo-
phrenia (e.g. Solowij and Michie 2007). Altered pre-pulse
inhibition (PPI) in schizophrenia is one such proposed
endophenotype (Braff and Light 2005; Turetsky et al.
2007). PPI is the decrease in the magnitude of the startle
response when a non-startling stimulus (pre-pulse) precedes
a startling stimulus (pulse) at certain stimulus onset
asynchronies (SOAs; Graham 1975). Early studies using
uninstructed PPI paradigms found that, relative to healthy
controls, patients with schizophrenia showed reduced PPI
(for a review, see Braff et al. 2001), which was hypoth-
esised to reflect a disturbance to pre-attentive processing
(Braff and Geyer 1990). A number of more recent studies
have shown that, unlike healthy controls, patients with
schizophrenia do not show attentional modulation of PPI
during PPI tasks with attentional instructions (Dawson et al.
1993, 2000; Hazlett et al. 1998, 2008, 2007; Kedzior and
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Martin-Iverson 2007; Scholes and Martin-Iverson 2009).
That is, where controls show differing levels of PPI
depending on whether they are instructed to attend to, or
ignore the auditory stimuli, patients do not. Further,
decreased PPI in patients, using such tasks, has only been
observed under certain attentional instructions, suggesting
that disturbed PPI in schizophrenia results from disrupted
top-down controlled modulation of PPI (Dawson et al.
1993, 2000; Hazlett et al. 2008, 2007; Kedzior and Martin-
Iverson 2007; Scholes and Martin-Iverson 2009).

The reported effects of cannabinoid administration on
PPI in animals are inconsistent (Bortolato et al. 2005;
Malone and Taylor 2006; Martin-Iverson and Cornelisse
2005; Martin et al. 2003; Nagai et al. 2006; Schneider et al.
2005; Schneider and Koch 2003, 2002; Stanley-Cary et al.
2002; Wegener et al. 2008). In humans, one study found no
difference between cannabis users and non-users in an
uninstructed PPI task (Quednow et al. 2004), while another
study by Kedzior and Martin-Iverson (2007) found that
chronic cannabis users failed to show significant attentional
modulation of PPI, and had reduced PPI relative to
controls, but only when they were instructed to sustain
attention to the auditory stimuli, not when they were
instructed to ignore the stimuli and focus on a visual task.
Interestingly, the findings of the latter study are consistent
with the findings that have been reported in patients with
schizophrenia using attentional modulation PPI paradigms
(e.g. Dawson et al. 1993, 2000; Hazlett et al. 2001, 2008;
Kedzior and Martin-Iverson 2007).

The variation in findings regarding the effects of
cannabinoids in both animals and humans may be due to
an array of factors including differences in strains or species
of animals; acute or chronic effects; doses administered, or
in the case of humans, amount and strength of cannabis
used; as well as duration of use, age of onset of use and
frequency of use. The effects of various other substances
should also be taken into consideration, given that nicotine,
caffeine, alcohol and other illicit substances may affect PPI
(e.g. Acri et al. 1994; Kumari and Gray 1999; Schicatano
and Blumenthal 1995; Swerdlow et al. 2003, 2000) and
attention (e.g. Peeke and Peeke 1984; Schicatano and
Blumenthal 1998). Importantly, methodological variation
likely also contributes to the variation in findings in human
studies particularly. The use of PPI paradigms in which
attention is controlled are advantageous over uninstructed
paradigms; this is because unconstrained and unmeasured
attention varying across trials and between subjects in
uninstructed tasks confounds the findings and limits
interpretation (Kedzior and Martin-Iverson 2007; Scholes
and Martin-Iverson 2009). Additionally, differences in
acoustic stimuli and PPI parameters between studies can
lead to variation in findings. Attention can modulate startle
and PPI differently (i.e. in the opposite direction) depend-

ing on the intensity of the startle stimuli (Scholes and
Martin-Iverson 2009). Further, there are vast individual
differences in sensitivity to startle stimuli (e.g. Hamm et al.
2001; Hince and Martin-Iverson 2005), which can produce
sampling biases (Hamm et al. 2001) and can confound
calculation of PPI (Csomor et al. 2008).

Examining startle magnitudes to a range of startling
stimulus intensities, rather than to just one stimulus intensity
as is common practice, has been suggested to help deal with
these limitations associated with traditional PPI methods, and
can also be more informative (Hince and Martin-Iverson
2005; Martin-Iverson and Stevenson 2005; Scholes and
Martin-Iverson 2009; Stoddart et al. 2008; Yee et al. 2005).
By doing this, the stimulus intensity-response magnitude
(SIRM) relationship can be examined, and the resulting
parameters, reflecting different aspects of this relationship,
can be determined (Martin-Iverson and Stevenson 2005),
similar to the methods in pharmacology used to assess dose-
response relationships. These SIRM parameters are reflex
capacity (RMAX; the asymptote of the curve, the maximum
limit of the reflex), stimulus potency (ES50; the stimulus
intensity required to elicit a half-maximal response), stimulus
sensitivity (Threshold; the minimum level of stimulation
required to elicit a startle response) and reflex efficacy
(Hillslope; the slope of the dynamic range at its mid-point).
The SIRM methods have been validated in rats (Hince and
Martin-Iverson 2005; Martin-Iverson and Stevenson 2005),
mice (Stoddart et al. 2008) and humans (Scholes and Martin-
Iverson 2009), and provide enhanced detail on the effects of
various manipulations on startle and PPI.

These SIRM methods have recently been employed in a
study of patients with schizophrenia (Scholes and Martin-
Iverson 2009). Consistent with previous studies using
traditional methods for the indexation of PPI, patients with
schizophrenia failed to show attentional modulation of all
SIRM parameters. Further, patients showed significantly
reduced PPI of RMAX and significantly increased PPI of
Hillslope, relative to controls, but only when they were
instructed to ignore the auditory stimuli and focus on a visual
stimulus. These findings were suggested to reflect a disruption
of controlled modulation of PPI, resulting from, at least in
part, an inability to ignore distracting potent stimuli.

Therefore, the present study aimed to use the SIRM
methodology to examine the effects of frequent cannabis
use on PPI during an attention manipulation task, in healthy
humans. It was predicted that cannabis users would show a
similar disturbance to that observed in schizophrenia using
SIRM methods and an attention manipulation task; that is, a
failure to show attentional modulation of all SIRM
parameters, and altered PPI of RMAX and Hillslope, but
only when instructed to selectively attend to a relevant
visual stimulus and ignore the distracting auditory startle
and pre-pulse stimuli.
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Materials and methods

Participants

The sample comprised healthy volunteers, recruited from
the general community, who were divided into two groups,
frequent cannabis users (n=36) and control non-users
(n=35). Participants were recruited via advertisements in
local media and from a database of potential willing
volunteers at the research centre, and were screened prior
to inclusion in the study. There were approximately 150
cannabis users who responded to the advertisements for this
study (over a period of 2 years), of these, approximately 80
satisfied the exclusion criteria and were booked appoint-
ments in the study. However, of these, only 36 cannabis
users completed the testing session (the rest did not show
up to their appointment/s despite numerous reminder calls
and every effort being made to ensure their attendance).
The exclusionary criteria for the study included: self-
reported presence of any hearing disorders, any neurological
disorders or head injury, loss of consciousness for over
15 min, diagnosis of psychiatric illness or current use of
psychiatric medications (such as antidepressants) or a first
degree relative with a diagnosis of schizophrenia or schizo-
affective disorder, as healthy relatives of patients with
schizophrenia may show a reduction in PPI (Cadenhead et
al. 2000). Further, controls were not to have used any illicit
substance more than once in the past 12 months. After
recruitment, all participants were administered the Mini
International Neuropsychiatric Interview (MINI; Sheehan et
al. 1998) to assess for the presence of Axis I disorders. The
MINI has established reliability and validity (Amorim et al.
1998; Sheehan et al. 1997). Two controls were excluded
from analysis as they were classified as non-responders; that
is, they had a mean Threshold in the pulse alone condition
greater than 115 dB, under either the ATTEND or IGNORE
condition (they required a startle stimulus intensity of over
115 dB to elicit a startle response). One control participant
was excluded, as a urine sample was not provided and
absence of illicit drug use could not be confirmed. A further
two cannabis users and one control were excluded at random
(based on their individual order of PPI attention condition
presentation) so the order of presentation of the attention
conditions was counterbalanced. Thus, the final sample
consisted of 66 participants, 34 cannabis users and 32
controls. There was no intentional matching of controls and
cannabis users in the current (we just aimed to recruit as
many participants as possible in order to maximise power),
but as can be seen in Table 1, there were very few
differences in the demographic and substance use (besides
cannabis) characteristics between the two groups. This study
was approved by the Western Australia North Metropolitan
Area Mental Health Service Ethics Committee, and was

performed in accordance with the ethical standards laid down
in the 1963 Declaration of Helsinki.

Substance use assessment

Recent use of nicotine, alcohol, caffeine, cannabis and
other illicit substances was assessed with a self-report
questionnaire, as previously described (Scholes and
Martin-Iverson 2009). In addition, for cannabis use,
participants were required to indicate their average usage
in the past 12 months (daily/nearly daily, weekly, monthly
or less than monthly), the age at which they first started
using cannabis regularly and the total duration of years in
which they had been using cannabis regularly. Current
(past 12 months) alcohol and substance misuse was
assessed with the MINI. Self reports of substance use
have been shown to be consistent, valid and reliable
among healthy drug users (Brown et al. 1992; Del Boca
and Noll 2000; Harrison et al. 1993; Kedzior et al. 2006;
Langendam et al. 1999; Martin et al. 1988). Urine samples
were also obtained from all participants in order to screen
for the presence of illicit drugs and to quantify the levels
of cotinine (metabolite of nicotine) and 11-nor-Δ9-
tetrahydrocannabinol-9-carboxylic acid (THC-COOH;
metabolite of cannabis). Urine samples were analysed
using cloned enzyme donor immunoassay (CEDIA) to
screen for the presence of illicit drugs, using AS/NZ 4308
2001 cut-off levels. Further, gas chromatography–mass
spectrometry (GCMS) was performed to quantify cotinine
and THC-COOH levels.

Psychophysiological data collection and processing

The current study’s stimuli, recording and processing were
identical to our previous report (Scholes and Martin-Iverson
2009). Briefly, the experiment consisted of two attention set
tasks, one in which participants were instructed to attend to
the auditory stimuli and identify the number of auditory
stimuli presented on each trial (‘ATTEND’ task) and one in
which they were instructed to ignore the auditory stimuli
and focus on a visual task where they were required to find
small smiley faces hidden amongst a neutral visual stimulus
(‘IGNORE’ task). The response requirements and the visual
stimuli onset and offset (i.e. pictures during the IGNORE
task and blank screens during the ATTEND task) were
matched across the attention tasks.

Both attention tasks comprised two blocks of 26 trials,
which were separated by a random inter-trial interval
(10–20 s, M=15 s), and were presented in a random order.
Each block contained eight pulse alone trials (40 ms bursts
of white noise, 80–115 dB, in 5-dB increments), eight pre-
pulse plus pulse trials with a 60 ms SOA (pre-pulses were
20 ms bursts of 74 dB white noise), eight pre-pulse plus
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pulse trials with a 100 ms SOA, one pre-pulse only trial and
one null trial in which no auditory stimuli were presented.
Auditory stimuli were presented binaurally through a pair
of stereo headphones, over 60-dB background white noise.

The startle reflex was recorded from two miniature tin-
cup surface electrodes using a standard National Instruments
data acquisition (DAQ) card (DAQ 6062E; San Diego, CA,
USA). The electrodes were filled with conductive paste, and
placed approximately 1 cm beneath the right pupil, and a
ground electrode was placed on top of the left hand.
Recording of the electromyographic signal began 600 ms
prior to onset of the startling stimulus and continued
for 400 ms after its presentation. Filtering, amplification,
rectification, smoothing and signal processing are described
in detail elsewhere (Scholes and Martin-Iverson 2009). The
peak startle response magnitude was extracted from each
trial, according to the procedure described previously
(Scholes and Martin-Iverson 2009).

Procedure

Upon arrival at the research centre, all participants provided
written informed consent after the study procedures were
explained in full. They then completed the substance use
questionnaire, were administered the MINI and provided a
urine sample. Cannabis users were instructed not to alter
their cannabis use on the day of testing, to reduce the
likelihood of participants experiencing an abstinence
syndrome during testing (e.g. Haney et al. 2004, 1999;
Hart et al. 2002; Jones et al. 1976), and smoking of
cigarettes was permitted ad libitum prior to the testing
session, in order to reduce the likelihood of nicotine
withdrawal affecting PPI (Duncan et al. 2001). Acute
effects of nicotine (Kumari et al. 2001) were minimised as
participants spent approximately 20 min with the researcher
performing consent procedures and collecting demographic
and substance use information before they were prepared
for recording and the startle testing began. Before the start
of the two PPI attention tasks, participants completed a
‘pre-pulse detection test’ where auditory stimuli of varying
intensity were presented to them, and they were required to
indicate after each trial whether they heard a sound. This
provided further assurance that all participants could hear
all auditory stimuli used in the experiment.

Data analysis

Fitting of logistic functions Identical to previously de-
scribed (Scholes and Martin-Iverson 2009), non-linear
regression was used to fit curves of best fit to each
individual’s mean peak response magnitudes, across the
startle stimulus intensities, for the pulse alone and each pre-
pulse condition, under each attention condition. The SIRM

parameters were determined with a non-linear regression
Levenberg–Marquardt algorithm for iterative estimation.
For cases where curves could not be fitted under the pre-
pulse conditions (i.e. 100% inhibition, Hillslope=0) the
following values were computed for statistical analysis:
RMAX = the maximum observed response for the given
individual under the given condition; Hillslope=0; ES50=
115; Threshold=115.

Statistical analysis Between-group differences in demo-
graphics and substance use were investigated with independent
samples t tests, chi square/fishers exact tests or Mann–
Whitney U tests, where relevant. Statistical analyses were
performed on the parameters (RMAX, ES50, Threshold and
Hillslope) drawn from the SIRM functions. Missing para-
meter values were replaced by the group series mean (note:
There are very few missing values using SIRM procedures,
as curves are fitted to the data as long as there are at least five
raw data points on which to estimate the curve, and thus
missing values only occur if there are less than five raw data
points for any one curve. See Table 3). The Hillslope
parameters were significantly skewed to the right, and were
normalised with the application of common Log trans-
formations. PPI of RMAX was calculated according to the
following formula (negative values indicate inhibition):

%PPI ¼ Prepulse plus Pulse RMAXð Þ � Pulse alone RMAXð Þ
Pulse alone RMAXð Þ

� �
� 100

� �

PPI of ES50, Hillslope and Threshold were calculated as
difference scores (pre-pulse plus pulse−pulse alone) given
that these parameters were on logarithmic scales. Positive
values of PPI of ES50 and Threshold indicate inhibition
(increases in these parameters with pre-pulse presentation
indicate increases in the intensity of the stimuli required to
produce startle; i.e. inhibition of sensitivity/potency), while
negative values of PPI of Hillslope indicate inhibition. PPI
was calculated for each SOA under each attention condition.

Each parameter, under the pulse alone condition, was
analysed with repeated measures analysis of covariance
(RM ANCOVA) with one between-subjects factor (group:
cannabis users and controls), one within-subjects factor
(attention: ATTEND and IGNORE) and one covariate
(cotinine level). PPI of each parameter was analysed with
RM ANCOVA with one between-subjects factor (group:
cannabis users and controls), two within-subjects factors
(attention: ATTEND and IGNORE; SOA 60 and 100 ms)
and one covariate (cotinine level). Given the insensitivity of
ANOVA to ordinal interactions (Strube and Bobko 1989),
planned pairwise comparisons with Sidak correction (p<0.05)
were used to examine differences between cannabis users
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and controls under each attention task and to examine
differences between ATTEND and IGNORE tasks (i.e.
attentional modulation), regardless of the significance of
the relevant interaction terms.

Pearson's bivariate correlations were performed between
attentional modulation of PPI (differential PPI = PPI under
IGNORE−PPI under ATTEND) and each of the cannabis use
variables, controlling for cotinine levels. These were con-
firmed with Spearman's correlations as some of the cannabis
use variables were not normally distributed. Further, behav-
ioural performance under each attention condition was
analysed with RM ANCOVAs as per the startle data.

Results

Demographics and substance use

As can be seen in Table 1, there was a significantly greater
proportion of cigarette smokers and a greater cotinine
concentration in the cannabis users as compared to controls.
Therefore cotinine was included as a covariate in the
subsequent analyses. Table 2 shows the substance use
characteristics of the cannabis users. In addition, 16
cannabis users reported using other drugs in the last month
(amphetamine=12, hallucinogens=4). Analysis of the urine
samples revealed that, of the cannabis users, two screened
positive for opiates (reported pain medication taken the day
before testing), eight screened positive for amphetamines,
and one screened positive for benzodiazepines. The alcohol
and substance use modules of the MINI (past 12 months of
use) indicated that, of the cannabis users, eight abused
cannabis, while 21 were dependant on cannabis. Further, 12
of the cannabis users screened positive for abuse or
dependence of other substances in the past 12 months
(alcohol abuse=9, dependence=7; amphetamine abuse=7,
dependence=7; hallucinogen abuse=7; tranquilliser abuse=
1, dependence=2; cocaine abuse=1, dependence=2).

SIRM function fits

The fits for the logistic functions that were fitted to the raw
data are presented in Table 3. The mean SIRM curves, as a
function of group, attention condition and stimulus condition,
are presented in Fig. 1.

Startle

RMAX RM ANCOVA revealed a main effect of attention
(F(1,63)=5.06, p=0.028, partial η2=0.07) but no main
effect of group (F(1,63)=0.27, p=0.608, observed power=
0.08) and no attention by group interaction (F(1,63)=0.40,
p=0.531, observed power=0.10). Pairwise comparisons

with Sidak correction indicated that controls showed
attentional modulation of startle RMAX (greater RMAX under
IGNORE than ATTEND; F(1,63)=5.52, p=0.022, partial
η2=0.08) but cannabis users did not (F(1,63)=2.18,
p=0.145, observed power=0.31). See Fig. 2a.

ES50 There was a significant main effect of attention
(F(1,63)=5.50, p=0.022, partial η2=0.08) but no main
effect of group (F(1,63)=1.03, p=0.313, observed power=
0.17) and no group by attention interaction (F(1,63)=0.18,
p=0.677, observed power=0.07). Pairwise comparisons
with Sidak correction revealed that controls exhibited
attentional modulation of startle ES50 (greater ES50 under
IGNORE than ATTEND; Sidak correction; F(1,62)=4.43,
p=0.039, partial η2=0.07) but cannabis users did not
(F(1,63)=2.38, p=0.128, observed power=0.33). See
Fig. 2b.

Threshold There were no significant main effects of attention
(F(1,63)=0.31, p=0.580, observed power=0.09) or group
(F(1,63)=0.91, p=0.345, observed power=0.16) and no
attention by group interaction (F(1,63)=3.76, p=0.057,
observed power=0.48). The difference between Threshold
under ATTEND and IGNORE (i.e. attentional modulation)
was close to significance for controls with pairwise
comparisons (F(1,63)=3.78, p=0.056, observed power=
0.48) and was not significant for cannabis users (F(1,63)=
0.87, p=0.358, observed power=0.15). See Fig. 2c.

Hillslope There was a significant main effect of attention
(F(1,63)=16.07, p<0.0005, partial η2=0.20) indicating that
both controls and cannabis users showed greater Hillslope
under ATTEND than IGNORE (this was main effect was
supported in the follow-up pairwise comparisons), but no
main effect of group (F(1,63)=0.77, p=0.384, observed
power=0.14) and no group by attention interaction (F(1,63)=
1.64, p=0.205, observed power=0.24). See Fig. 2d.

PPI

RMAX RM ANCOVA revealed a significant main effect of
attention (F(1,63)=8.98, p=0.004, partial η2=0.13) and SOA
(F(1,63)=8.32, p=0.005, partial η2=0.12) but no main effect
of group (F(1,63)=3.44, p=0.068, observed power=0.45)
and no attention by group (F(1,63)=0.21, p=0.647, observed
power=0.07), SOA by group (F(1,63)=0.20, p=0.653,
observed power=0.07), attention by SOA (F(1,63)=0.57,
p=0.452, observed power=0.12) or attention by group by
SOA interactions (F(1,63)=2.17, p=0.145, observed
power=0.31). Pairwise comparisons with Sidak correction
indicated that under the ATTEND condition, cannabis users
exhibited more PPI of RMAX at the 100 ms SOA, as
compared to controls (F(1,63)=5.40, p=0.023, partial η2=
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0.08), but this group difference was not evident at the 60 ms
SOA (F(1,63)=0.13, p=0.717, observed power=0.07).
There were no group differences under the IGNORE
condition at both the 60 ms (F(1,63)=1.00, p=0.321,
observed power=0.17) and 100 ms (F(1,63)=0.30, p=
0.584, observed power=0.08) SOAs. Further, controls
exhibited attentional modulation of PPI at the 100 ms SOA
(F(1,63)=11.14, p=0.001, partial η2=0.15) but not the 60 ms
SOA (F(1,63)=1.43, p=0.236, observed power=0.22),
whereas cannabis users did not exhibit attentional modula-
tion of PPI at either SOA (60 ms (F(1,63)=3.19, p=0.079,
observed power=0.42), 100 ms (F(1,63)=0.81, p=0.371,
observed power=0.14)). See Figs. 3a and 4a.

ES50 There were no main effects of attention (F(1,63)=3.10,
p=0.083, observed power=0.41), SOA (F(1,63)=1.34, p=
0.252, observed power=0.21) or group (F(1,63)=1.95, p=

0.168, observed power=0.28) and no attention by group
(F(1,63)=0.37, p=0.955, observed power=0.09), SOA by
group (F(1,63)=1.16, p=0.285, observed power=0.19),
attention by SOA (F(1,63)=0.08, p=0.773, observed
power=0.06) or attention by group by SOA interactions
(F(1,63)=2.24, p=0.140, observed power=0.31). Pairwise
comparisons with Sidak correction indicated that under the
ATTEND condition, cannabis users showed reduced PPI at
the 100 ms SOA, relative to controls (F(1,63)=6.19, p=
0.016, partial η2=0.09) but not at the 60 ms SOA (F(1,63)=
0.48, p=0.490, observed power=0.11). There were no group
differences under the IGNORE condition at both the 60 ms
(F(1,63)=0.59, p=0.444, observed power=0.12) and 100 ms
(F(1,63)=0.36, p=0.551, observed power=0.09) SOAs.
Further, controls showed attentional modulation of PPI at
the 100 ms SOA (F(1,63)=5.06, p=0.028, partial η2=0.07)
but not the 60 ms SOA (F(1,63)=0.88, p=0.351, observed

Table 1 Demographic and substance use characteristics of cannabis users and controls

*p<0.0005
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power=0.15), whereas cannabis users did not show atten-
tional modulation of PPI at either SOA (60 ms (F(1,63)=
1.60, p=0.210, observed power=0.24), 100 ms (F(1,63)=
0.17, p=0.685, observed power=0.07)). See Figs. 3b and 4b.

Threshold RM ANCOVA revealed a significant group by
attention interaction (F(1,63)=4.43, p=0.039, partial η2=
0.07) and a significant SOA by group interaction (F(1,36)=
4.62, p=0.036, partial η2=0.07), but no attention by SOA
(F(1,36)=0.95, p=0.334, observed power=0.16) or atten-
tion by group by SOA interactions (F(1,36)=1.65, p=
0.204, observed power=0.24). Pairwise comparisons with
Sidak correction indicated that under the ATTEND condi-
tion, cannabis users had reduced PPI at the 100 ms SOA as
compared to controls (F(1,36)=9.29, p=0.003, partial η2=
0.13) but not at the 60 ms SOA (F(1,36)=0.18, p=0.676,
observed power=0.07). There were no group differences
under the IGNORE condition for the both 60 ms (F(1,36)=
0.96, p=0.332, observed power=0.16) and 100 ms
(F(1,36)=0.07, p=0.787, observed power=0.06) SOAs.
Further, for controls, the difference between PPI under
ATTEND and IGNORE (i.e. attentional modulation) was

just off significance for both the 60 ms (F(1,63)=3.86,
p=0.054, observed power=0.49) and 100 ms (F(1,36)=
3.71, p=0.058, observed power=0.48) SOAs. There were
no significant differences between PPI under ATTEND and
IGNORE for the cannabis users (60 ms SOA (F(1,36)=
0.02, p=0.898, observed power=0.05); 100 ms SOA
(F(1,36)=2.61, p=0.111, observed power=0.36)). See
Figs. 3c and 4c.

Hillslope There was a significant main effect of attention
(F(1,36)=14.44, p<0.0005, partial η2=0.19) but no main
effects of group (F(1,36)=0.60, p=0.440, observed power=
0.12) or SOA (F(1,36)=0.50, p=0.483, observed power=
0.11), and no attention by group (F(1,36)=0.81, p=0.371,
observed power=0.14), SOA by group (F(1,36)=0.31, p=
0.580, observed power=0.09), attention by SOA (F(1,36)=
1.09, p=0.300, observed power=0.18) or attention by
group by SOA (F(1,36)=1.57, p=0.214, observed power=
0.24) interactions. Pairwise comparisons with Sidak
correction revealed that controls showed attentional modula-
tion of PPI at the 100 ms SOA (F(1,36)=11.33, p=0.001,
partial η2=0.15) but not the 60 ms SOA (F(1,36)=3.52,

Block Prepulse condition n(%) Median R2 SIQa

Controls IGNORE Pulse alone 32(100) 0.834 0.09

60 ms SOA 29 (90.6) 0.896 0.05

100 ms SOA 27 (77.1) 0.941 0.08

ATTEND Pulse alone 30 (93.8) 0.843 0.09

60 ms SOA 29 (90.6) 0.884 0.08

100 ms SOA 27 (77.1) 0.913 0.07

Cannabis users IGNORE Pulse alone 33 (97.1) 0.84 0.07

60 ms SOA 29 (85.3) 0.88 0.06

100 ms SOA 31 (91.2) 0.84 0.06

ATTEND Pulse alone 34 (100) 0.80 0.10

60 ms SOA 33 (97.1) 0.83 0.13

100 ms SOA 33 (97.1) 0.78 0.17

Table 3 Median R2 values of
individual sigmoidal functions
fitted to the raw data for
cannabis users and controls
under each attention condition
and each stimulus condition

Only those cases where Hill-
slope is greater than zero and
where there are at least five data
points on which to estimate the
curve are included
a Semi-interquartile range

Mean SEM Median Range

THC-COOH level in urine (μg/L) 658.1 161.9 161.0 0–4137

Number of cannabis uses in last 24 h 1.1 0.2 1.0 0–4

Hours since last use of cannabis 65.7 40.2 8.5 0.5–1344

Number of cannabis uses on average per day 4.1 0.9 2.0 0–25

Age of 1st cannabis use 15.6 0.5 15.5 10–24

Total duration of cannabis use (years) 11.5 1.3 10.0 2–34

No. of days of cannabis use in the past 30 21.1 1.8 25.0 0–30

Other drug- hours since last use (n=16) 164.6 59.8 84.0 4–840

Other drug—days of use in the last 30 days (n=16) 4.1 1.5 2 0–20

Table 2 Substance use charac-
teristics of cannabis users, of
which 21 were daily/nearly daily
cannabis users, 10 were weekly
users, one was a monthly user
and two were less than monthly
users
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p=0.065, observed power=0.46). Cannabis users did not
show attentional modulation of PPI at either SOA (60 ms
(F(1,36)=3.30, p=0.074, observed power=0.43); 100 ms
(F(1,36)=1.56, p=0.216, observed power=0.23)). See
Figs. 3d and 4d.

These PPI analyses were repeated using only certain sub-
groups of the cannabis users; these analyses included: only
daily users of cannabis (n=21, all between-group differ-
ences remained significant); less than daily users of
cannabis (n=13, only Threshold between-group difference
was significant, others were not close to significance
(p>0.2), and no significant correlations between PPI and
cannabis use were observed); only those with positive

toxicology screen for cannabis metabolites (n=30, all
between-group differences significant); only those who
were dependant on cannabis, according to the MINI
screening (n=21, all between-group differences were
significant except RMAX, which was close to significance
(p=0.2)); only daily users of cannabis who did not use any
other illicit substance in the past 30 days (n=10; all
between-group differences were significant); only those
who did not screen positive for any other substances on the
toxicology screen (n=24, between-group differences in
ES50 and Threshold were close to significance (p<0.18),
correlations between cannabis use measures and PPI were
consistent with those observed from the whole group
analyses, see below); only those that did not screen positive
for abuse/dependence of any other substance in the past
12 months, according to the MINI (n=22, between-group
difference for ES50 just off significance (p<0.1), between-
group differences in RMAX, Threshold and Hillslope were
significant). Further, median splits were performed on the
cannabis use variables ‘hours since last use’ and ‘number of
days of use in the past 30’, and analyses were repeated
separately on each of the split groups (i.e. n=17 for each
analysis). For hours since last use, those with the most
recent cannabis use showed significant between-group
differences on all measures, and those with the longest
time since last use only showed a significant between-
group difference in Threshold (though the rest were just
off significance, p<0.1). Similarly, for number of days of
cannabis use in the past 30, those with the most days of
use showed significant between-group differences on all
PPI measures, those with the least days of use in the past
30 only showed a significant between-group difference in
Threshold (though again, the rest of the PPI measures
were just off significance, p<0.1). In all analyses,
cannabis users failed to show significant attentional
modulation of PPI.

Correlations

As can be seen in Table 4, there were significant positive
correlations between number of days of cannabis use in the
last 30 days and differential PPI of ES50 at the 100 ms SOA
(Fig. 5a), as well as differential PPI of RMAX at the 100 ms
SOA (Fig. 5b), when controlling for cotinine levels. These
correlations suggest that the more use of cannabis in the
past month, the less attentional modulation of PPI (modu-
lation in the same direction as controls). Further, there was
a significant negative correlation between differential PPI
of ES50 at the 100 ms SOA and total duration of cannabis
use. However, this correlation was no longer significant
when controlling for both age and cotinine levels (r=−0.127,
p=0.519). The correlations between the various cannabis use
measures can be found in Table 5.

Fig. 1 The mean acoustic startle response magnitude for a controls
and b cannabis users, as a function of stimulus intensity (SIRM
function), under each stimulus condition and each attention condition,
for cases with Hillslope greater than zero and with at least five data
points on which to estimate the curve. The lines represent the mean
predicted response (±SEM) obtained from the logistic regression; the
symbols represent the observed means
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Task performance

There were no significant differences in performance
measures between cannabis users and controls, for both
the ATTEND and IGNORE tasks (Tables 6 and 7).

Discussion

The current study used novel methodology to examine the
effects of frequent cannabis use on PPI during an attention
set task, in otherwise healthy participants. It was predicted
that cannabis users would fail to show attentional modula-
tion of PPI, resulting specifically from an alteration in PPI
of RMAX and Hillslope under the IGNORE condition only,
as we have observed in schizophrenia (Scholes and Martin-
Iverson 2009). Indeed, chronic cannabis users failed to
show significant attentional modulation of PPI of all SIRM
parameters. However, unlike patients with schizophrenia
(Scholes and Martin-Iverson 2009), cannabis users showed
altered PPI the SIRM parameters under the ATTEND
condition only, when task instructions required them to
maintain sustained attention to the auditory stimuli.

The current study suggests, as observed in schizophre-
nia, that cannabis users do not show normal modulation of
PPI by attention; however, the basis for this lack of
attentional modulation appears to be different between the
two groups. Schizophrenia patients appear to have difficulty
in the correct allocation of attentional resources, and in
particular, the ignoring of distracting potent stimuli (Scholes
and Martin-Iverson 2009). Unlike patients (Scholes and
Martin-Iverson 2009), cannabis users showed no differences
in PPI under the IGNORE condition, suggesting they were
effectively able to ‘ignore’ the auditory stimuli when
required. Consistent with a previous report (Kedzior and
Martin-Iverson 2007), cannabis users appeared to simply fail
to sustain attention to the auditory stimuli when required,
resulting in altered PPI levels under the ATTEND condition,
with PPI of each SIRM parameter being equivalent to that
observed when they were ignoring the auditory stimuli. A
number of studies have found deficits in sustained attention
or vigilance in cannabis users (Bahri and Amir 1994; Croft et
al. 2001; Ehrenreich et al. 1999; Ilan et al. 2004; Moskowitz
and McGlothlin 1974; Pope and Yurgelun-Todd 1996).
Alternatively, or as a possible moderator of sustained
attention deficits, it may be that a disturbance in

Fig. 2 Mean (±SEM) SIRM parameters under pulse alone condition, for cannabis users and controls, under both the ATTEND and IGNORE
conditions. Significant difference at *p<0.05, ** p<0.01
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motivational processes in cannabis users (e.g. Kouri et
al. 1995) results in a lack of motivation to maintain
attention to the ATTEND task, although there were no
intentional intrinsic motivational differences between the
two attention tasks. It should also be considered that the
two PPI attention tasks required attention to different
modalities, and it is possible that cannabis affects modality
specific attentional processes (i.e. auditory attention, as
PPI disturbances were only observed under the ATTEND
condition when attention to the auditory stimuli was
required).

These effects (lack of attentional modulation and
between-group differences) were only evident at the
100 ms SOA. The effects of attention on PPI are well
characterised, and attentional effects are most prominent at
SOAs of approximately 120 ms (e.g. Dawson et al. 1993),
though they can be evident at shorter SOAs (e.g. Elden and
Flaten 2002). Thus, this provides further support to the
notion that group differences were due to differences in
attention, as they were only evident at the longer SOA
where attentional effects are strongest. Given that cannabis
users show altered PPI only when they were required to

sustain attention to the auditory stimuli, and not when they
were ignoring them, it is most likely that these alterations
are secondary to attentional set/sustained attention dysfunc-
tion and a resultant deficit in the modulation of PPI, rather
than due to a principal deficit in PPI or sensorimotor gating
itself. If the altered PPI in cannabis users was due to
underlying pre-attentive inhibitory or sensorimotor gating
deficits, the alterations should be observed under both
attention manipulations. Such a contention could explain
the lack of significant differences between controls and
cannabis users in the study by Quednow et al. (2004) which
used an uninstructed PPI task. A number of recent studies
have shown that sensory gating of the P50 response
(a psychophysiological measure that has been likened to
PPI) is disrupted by administration of cannabinoids in
humans (Rentzch et al. 2007) and in rats (Hajos et al. 2008;
Zachariou et al. 2008), suggesting that cannabinoids disrupt
early information processing or gating. However, drug
conditions may have differing effects on PPI and P50
gating (e.g. Mann et al. 2007; Oranje et al. 2006), and thus
P50 gating effects may not be directly comparable to PPI
effects. Further, in the current study, differences between

Fig. 3 Mean (±SEM) PPI of SIRM parameters for cannabis users and controls under both the ATTEND and IGNORE conditions, at the 60 ms
SOA
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cannabis users and controls were confined to a single
attentional condition, suggesting that these differences were
contingent upon the attentional conditions, and are thus a
result of a top-down attentional deficit.

In the current study, the lack of attentional modulation in
cannabis users was associated with more days of cannabis
use in the past month. This suggests that recent frequent use
of cannabis is associated with less attentional modulation of

Table 4 Partial correlations between measures of cannabis use and differential PPI under each SIRM parameter, controlling for cotinine levels

THC-COOH
level (μg/L)

Number of
uses today

Last
use (h)

Use on
average
per day

Age of 1st
use (years)

Total duration
of use (years)

No. of days of
cannabis use
in past 30days

Differential PPIRMAX60 −0.329 −0.082 0.249 0.262 0.302 −0.185 −0.080
Differential PPIRMAX100 −0.060 0.127 −0.191 0.295 −0.133 −0.198 0.480**

Differential PPI ES5060 −0.127 −0.103 0.201 0.032 0.007 −0.242 −0.040
Differential PPI ES50100 0.044 0.278 −0.097 0.158 −0.188 −0.381* 0.395*

Differential PPI Hillslope 60 −0.147 −0.330 0.044 −0.172 0.168 0.093 −0.083
Differential PPI Hillslope 100 −0.269 −0.244 0.062 −0.205 0.268 0.019 −0.010
Differential PPI Threshold 60 0.210 0.046 −0.330 0.182 −0.225 0.042 0.304

Differential PPI Threshold 100 −0.208 −0.316 −0.007 −0.183 −0.180 0.150 −0.147

*p<0.05, **p<0.01

Fig. 4 Mean (±SEM) PPI of SIRM parameters for cannabis users and controls under both the ATTEND and IGNORE conditions, at the 100 ms
SOA. Significant difference at *p<0.05, **p<0.01
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PPI. Use of cannabis in the last 30 days was highly
correlated with other measures of recent use (urine THC-
COOH level, hours since last cannabis use and number of
uses in the past 24 h), and thus the correlation observed

here between PPI and cannabis use in the past 30 days
likely reflects the effects of recent use of cannabis on the
brain. Maximal plasma levels of THC are observed
approximately 2 h after cannabis use (Curran et al. 2002),
while the median number of hours since last cannabis use in
the current study was 8.5 h. Thus, given that PPI
correlations were observed between use in the last 30 days
(as opposed to urine THC-COOH level and hours since last
use or numbers of uses in the past 24 h) and that the median
number of hours since last use was well above the time of
peak plasma THC levels, the effects observed in the current
study are not likely to be due to acute cannabis intoxication
but are likely to be primarily due to sub-acute effects of
cannabinoids present in the brain. It should be noted that
the issue of sub-acute effects of cannabis on cognition is
contentious, and deficits observed after short periods of
abstinence may alternatively reflect withdrawal effects (e.g.
Haney et al. 1999; Pope and Yurgelun-Todd 1996). While
we contend that the PPI alterations observed here likely
reflect the effects of recent chronic cannabis use (given the
correlations observed between recent use, but not acute
use), this study employed no defined abstinence period, and
some cannabis users had used cannabis with the previous
few hours before the testing session; it is possible that these
PPI effects observed here may be due to acute intoxication,
although none of the participants appeared intoxicated at
time of testing.

Despite the differences in attentional modulation of PPI,
no significant differences in errors of commission or
omission were observed between cannabis users and
controls on either of the attention set tasks. There was very
little variability in the data, and thus, these measures of
performance may not have been sensitive enough to reflect
attention deficits. Some studies suggest that the cognitive
deficits in cannabis users are quite subtle and may only be
evident in complex or taxing tasks, or may be more
apparent with psychophysiological measures, rather than
more crude cognitive performance measures (Solowij 1995;

Table 5 Partial correlations between cannabis use measures, controlling for cotinine levels

THC-COOH
level (μg/L)

Number of
uses today

Last use (h) Average
use per day

Age of 1st
use (years)

Total duration
of use (years)

No. of days
of cannabis
use in past 30

THC-COOH level (μg/L) 1.00 0.645*** −0.347 0.215 −0.326 −0.029 0.393*

Number of uses today 1.00 −0.473** 0.419* −0.330 −0.259 0.586**

Last use (hrs) 1.00 −0.321 0.328 0.016 0.673***

Average use per day 1.00 −0.002 −0.127 0.499**

Age of 1st use 1.00 0.159 −0.380*
Total duration of use 1.00 −0.124
No. of days of cannabis
use in past 30

1.00

*p<0.05; **p<0.01; ***p<0.0005

Fig. 5 Correlations between cannabis use in the past 30 days and a
differential PPI of ES50 at the 100 ms SOA (p=0.034) and b
differential PPI of RMAX at the 100 ms SOA (p=0.008), controlling
for cotinine levels
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Solowij et al. 1995). Further, as noted above, and consistent
with Kedzior and Martin-Iverson (2007), cannabis users
showed PPI equivalent to controls under the IGNORE
condition. This suggests that they were able to effectively
ignore the irrelevant auditory stimuli when completing the
visual task. While some cognitive studies have found that
cannabis users show deficits in attentional control (Skosnik
et al. 2001; Solowij 1995; Solowij et al. 1995), others have
only found differences in sub-groups of users, such as only
in males (Pope and Yurgelun-Todd 1996) or those with low
cognitive reserves (Bolla et al. 2002), and still others have
found no effects of cannabis use on attentional control
(Eldreth et al. 2004; Gruber and Yurgelun-Todd 2005; Pope
et al. 2001; Solowij et al. 2002). It would be of interest to
examine PPI and cognitive performance together in
cannabis users, in order to gain better understanding of
the attention disturbances that may contribute to the altered
PPI observed here.

The between-group differences and associated correla-
tions appeared not to be related to dependence on cannabis,
recent use of other illicit drugs or abuse/dependence of
other drugs in the past 12 months. However, the analysis on
the sub-group of users who used cannabis less than daily

was not entirely consistent with the findings observed with
the cannabis-using group as a whole. This may be a power
issue, as this analysis only contained 13 cannabis users.
However, median split analyses showed that the PPI
alterations in the cannabis users were also weaker (i.e.
fewer between-group differences) in those who had the
longest time since last use and those with the least use of
cannabis in the past 30 days. Thus, it is likely that the
attention-dependant disturbances in PPI are particularly
associated with recent frequent use, which is likely related
to the sub-acute effects of THC in the body. Our sample
consisted of only four cannabis users who had no detectable
THC-COOH metabolites in their urine at time of testing,
and thus we could not examine whether these disturbances
in PPI remain when THC residues are no longer detectable.
Given that significant group differences and correlations
were not observed in infrequent users, four of which had no
detectable THC in their urine, and were weaker in those with
the longest time since last use and the least use in the past
month, it may be that, consistent with a number of studies
(Fried et al. 2002; Pope et al. 2001, 1995; Skosnik et al.
2001), after an extended period of abstinence, these attention-
dependant disturbances would no longer be evident.

Table 7 Performance during the IGNORE attention task

Stimulus condition Control Cannabis user

Correct discriminationsM(SD) Correct discriminationsM(SD) F p

Startle only 5.60 (0.69) 5.17 (0.66) 0.19 0.668

60 ms SOA 5.43 (0.70) 5.83 (0.67) 0.16 0.694

100 ms SOA 5.65 (0.70) 5.53 (0.68) 0.02 0.905

Total smileys foundM(SEM) Total smileys foundM(SEM) F p

Startle only 61.24 (2.14) 59.10 (2.07) 0.47 0.496

60 ms SOA 61.21 (2.27) 61.15 (2.19) 0.00 0.986

100 ms SOA 62.27 (2.14) 61.01 (2.17) 0.16 0.689

% proportion who made errors of omission % proportion who made errors of omission χ2 p

Startle only 9.4 11.8 0.10 0.753

60 ms SOA 18.8 35.3 1.38 0.240

100 ms SOA 9.4 11.8 0.10 0.753

Table 6 Performance during the ATTEND attention task

Stimulus condition Control Cannabis user

Correct discriminationsM(SE) Correct discriminationsM(SE) F p

Startle only 12.66 (0.67) 15.23 (0.65) 2.57 0.116

60 ms SOA 12.67 (0.85) 12.40 (0.83) 0.05 0.829

100 ms SOA 14.19 (0.71) 13.76 (0.69) 0.18 0.670

% proportion who made errors of omission % proportion who made errors of omission χ2 p

Startle only 18.8 17.6 0.01 0.908

60 ms SOA 25.0 11.8 1.94 0.164

100 ms SOA 18.8 8.8 1.38 0.240
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In conclusion, cannabis users showed an attention-
dependant alteration in PPI, which appeared to reflect a
deficit in the ability to sustain attention to the auditory
stimuli when required. This disturbance was correlated with
the amount of use of cannabis in the past 30 days,
suggesting that these findings reflect sub-acute effects of
cannabinoids present in the brain. While these findings in
cannabis users are similar to those reported in patients with
schizophrenia, in so far as both groups fail to show
significant attentional modulation of PPI, the current study
suggests that slightly different attentional disturbances
underlie PPI alterations in cannabis users and patients with
schizophrenia, a finding made possible with the SIRM
methodology for startle characterization.
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