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Cannabis is the most commonly used illicit drug. Prevalence rates are particularly high among adolescents.
Neuropsychological studies have identified cannabis-associated memory deficits, particularly linked to an
early onset of use. However, it remains unclear, whether the age of onset accounts for altered cortical
activation patterns usually observed in cannabis users. Functional magnetic resonance imaging was used to
examine cortical activation during verbal working memory challenge in (1) early-onset (onset before the age
of sixteen; n=26) and (2) late-onset cannabis users (age at onset at least sixteen; n=17). Early-onset users
showed increased activation in the left superior parietal lobe. Correlational analyses confirmed the
association between an earlier start of use and increased activity. Contrariwise neither cumulative dose,
frequency nor time since last use was significantly associated with cortical activity. Our findings suggest that
an early start of cannabis use is associated with increased cortical activation in adult cannabis users, possibly
reflecting suboptimal cortical efficiency during cognitive challenge. The maturing brain might be more
vulnerable to the harmful effects of cannabis use. However, due to a lack of a non-using control group we
cannot exclude alternative interpretations.
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1. Introduction

Cannabis is the most commonly used drug in western industrial
nations and prevalence rates are particularly high among adolescents
and young adults (EMCDDA, 2007; Monshouwer et al., 2005; OFDT,
2005; UNO WDR, 2006). An increasing number of studies reported
various cognitive impairments in heavy cannabis users. In particular,
deficits were found in working and episodic memory, as well as in
executive and attentional functions (Block and Ghoneim, 1993; Bolla
et al., 2002; Messinis et al., 2006; Solowij et al., 2002). However, if
these adverse effects persist with prolonged abstinence or are merely
transient remains controversial. Some studies reported recovery with
prolonged abstinence (Pope et al., 2001; Schaeffer et al., 1981), while
others reported persisting impairments in several cognitive domains
such as attention, working memory and executive functioning (Bolla
et al., 2002; Grant et al., 2003; Solowij et al., 2002).

Given these contrasting results, several studies have addressed the
question whether specific characteristics of use might account for a
varying degree of the observed deficits (Bolla et al., 2002; Ehrenreich
et al., 1999; Pope et al., 2003; Schwartz et al., 1989; Solowij et al.,
2002). Converging lines of evidence suggest that the development and
persistence of these deficits are particularly linked to the onset of use.
It has been shown, that the initiation of use prior to the age of 16 or 17
leads to enduring deficits on specific attentional functions (Ehrenreich
et al., 1999) and short-term memory (Schwartz et al., 1989).
Furthermore, only users who initiated use before the age of 17
showed persisting impairments in several neuropsychological mea-
sures after 28 days of monitored abstinence (Pope et al., 2003).
Together with a report on reduced cortical grey matter in early-onset
users (Wilson et al., 2000) it might be hypothesized that, if regular
cannabis use starts during early and middle adolescence, it might
produce permanent or at least long lasting alterations in neurocog-
nitive functioning.

Although fundamental cognitive abilities evolve during childhood,
existing cognitive abilities refine throughout adolescence (Spear,
2000). Findings from longitudinal studies suggest that neurodevelop-
ment accompanies cognitive development with parietal and prefron-
tal associative cortices, involved in higher-order cognitive
functioning, maturing last (Gogtay et al., 2004; Sowell et al., 2004).
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Brain dynamic changes during adolescence are basically driven by
complex interactions between the nervous system and gonadal
steroid hormones (Sisk and Foster, 2004) and continue throughout
adolescence and young adulthood (Casey et al., 2005; Gogtay et al.,
2004; Sowell et al., 2004). Given that the endocannabinoid system
regulates fundamental neuromaturational processes (Harkany et al.,
2007) and cannabis affects multiple endocrine systems (Brown and
Dobs, 2002), cannabis use during this vulnerable period might
interfere with regular brain development.

To investigate the neural correlates of cannabis-associated
cognitive impairments, a growing number of studies employed
functional magnetic resonance imaging (fMRI). Chronic users usually
display altered activation of brain networks associated with the
specific cognitive domain despite normal task performance (Chang et
al., 2006; Jager et al., 2006; Kanayama et al., 2004). In terms of spatial
and verbal working memory, increased activation in the superior
parietal cortex, prefrontal cortex and anterior cingulate regions, have
been reported (Jager et al., 2006; Kanayama et al., 2004).

Bearing in mind adolescent neuromaturational processes and the
suggested associations between an early initiation of cannabis use and
the development of cannabis-associated cognitive deficits, it, hence,
might be of special interest if the age of onset accounts for altered
cortical activation patterns in cannabis users. The purpose of this
study was to clarify whether an early onset of cannabis use is linked to
altered neural activity during working memory challenge.

2. Methods

2.1. Participants

Subjects in the present study were part of a larger study on the
effects of drug use on neurocognition. Participants were examined
with an extensive neurocognitive test battery and fMRI. Findings from
the neurocognitive test battery for the entire sample will be published
in a separate report. For the fMRI study, subjects were included if they
reported aminimum cannabis lifetime usage of 10 g. All subjects were
required to be at least 18 years old and right-handed. Exclusion
criteria were: (1) any current or previous axis I psychiatric diagnosis
(except for cannabis abuse), (2) childhood diagnosis of attention
hyperactivity disorder (ADHD), (3) regular use of all other illicit
substances except for cannabis (more than five occasions), (4) history
of alcohol abuse and/or dependence (according to DSM-IV criteria,
APA, 1994), (5) regular intake of any medication, (6) intake of any
legal or illegal psychotropic substances or medication except for
cannabis seven days prior to testing, (7) consumption of cannabis on
the day of the examination, (8) pregnancy, or (9) other known con-
traindications for MRI scanning. All subjects gave written informed
consent and received remuneration.

Forty-three cannabis users were enrolled in the present study. To
obtain information about the impact of the age of onset of cannabis
use on cortical activation, we median-split the entire sample into two
groups according to the age of onset of cannabis use: (1) early-onset
users (EOU), who first used cannabis before the age of sixteen
(n=26) and (2) late-onset users (LOU), whose age at first cannabis
use was at least sixteen (n=17). Previous studies used a comparable
age at first use to distinguish between early- and late-onset users
(Ehrenreich et al., 1999; Pope et al., 2003; Schwartz et al., 1989).

2.2. Cognitive task

Subjects performed three verbal n-back tasks with increasing
memory load. N-back tasks have been shown to reliably initiate
working memory activation in healthy subjects and drug using
populations (Daumann et al., 2003a,b, 2004; Owen et al., 2005). A
blocked periodic designwas used incorporating alternating active and
control conditions. Six alternating control and active blocks (duration
each: 30s) were presented per n-back task. In each block a sequence
of twelve single capital letters was visually presented, each for
2100 ms (SOA 2500 ms) by means of a prismatic mirror. The switch
between control and active conditions was indicated by a shift in the
colour of the presented letters. In all conditions participants were
asked to respond by button press when the target letter appeared. In
the control (0-back) condition the target letter was designated (“G”).
In the three active conditions 1-, 2- and 3-back, the target letter was
defined as any letter that was identical to the one presented in the
preceding 1, 2, or 3 trials, respectively. Each of the three n-back tasks
comprised the same quantity of correct responses. Total scanning
time per n-back task was 3:09 min, total experiment time was
9:27 min. The three n-back tasks were separately introduced by a
verbal instruction.

2.3. Procedure

All subjects underwent a structured interview according to the
Diagnostic and Statistical Manual of Mental Disorders IV (DSM-IV). To
exclude participants with childhood ADHD all participants completed
the German version of the Wender Utah Rating Scale (WURS). The
WURS retrospectively assesses childhood ADHD by self-reported
symptom severity between the age of 8 and 10 (Ward et al., 1993).
Participants were excluded if they exceeded the recommended cut-off
score of 46 (Ward et al., 1993). In addition, we took a medical history
and detailed history of drug use including the following parameters of
cannabis use: (1) age of first use, (2) time since the last use in days,
(3) average frequency of use measured by average days of use per
month, (4) maximum days of use per month ever, (5) estimated
cumulative lifetime dose, (6) average and (7) highest daily dose ever
used, as well as (8) duration of regular use in months. Studies vali-
dating self-reported voluntary substance use found a high reliability
of the reported drug quantity (Martin et al., 1988; Rothe et al., 1997).
Randomly taken hair samples by the Institute of Legal Medicine of the
University of Cologne confirmed the self-reported substance use. In
addition, qualitative drug screens were performed on the day of the
examination with urine samples for amphetamines, benzodiazepines,
cocaine, methadone, MDMA and cannabis (enzyme-multiplied im-
munoassay, von Minden GmbH). Participants were allowed to smoke
cigarettes ad libitum before MRI acquisition. Participants were part
of a larger study and underwent an extensive neurocognitive test
battery. For an overview, measures of verbal workingmemory,mental
flexibility and motor speed for the fMRI subsample will be reported in
the present paper. Verbal workingmemory performancewas assessed
using the Digit Span Backwards test (from the WAIS-R, German
version; Tewes, 1991). To measure mental flexibility and motor speed
the Trail Making test (Trails A and Trails B; Reitan, 1955) was
administered. This test is frequently used for screening for cognitive
impairments in substance abusing populations (see e.g. Roberts and
Horton, 2001). In order to control for confounding variables
intellectual functioning and the use of alcohol and nicotine were
assessed. Current intellectual functioning was assessed by the Raven
Standard Progressive Matrices (Raven, 2000). In addition the use of
alcohol (frequency of alcoholic drinks per week during the previous
year) and nicotine (cigarettes per week) was assessed by means of
separate questions within the cannabis use interview. The study was
in accordance with the Helsinki Declaration of 1975 and was
approved by the local ethics committee of the Medical Faculty of
the University of Cologne.

2.4. Imaging parameters

MRI employing blood oxygenation level-dependent (BOLD)
contrast was performed on a clinical 1.5 T Philips ACS NT Gyroscan
(Philips, Eindhoven, The Netherlands) using a singleshot multislice
T2* weighted gradient echo EPI sequence (imaging parameters:
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60 volumes, TR: 3000 ms, TE: 50 ms, flip angle: 90°, matrix: 64×64,
field of view: 192×192 mm, 30 contiguous slices parallel to the
AC–PC line covering the whole brain, voxel size: 4×4×7 mm, no
interslice gap). For each n-back task 60 dynamic scans were recorded.
For anatomic reference and to exclude subjects with apparent brain
pathologies, we obtained a T1-weighted Fast Field Echo sequence
(imaging parameters: TR: 25 ms, TE: 4.6 ms, TI: 400 ms, flip angle:
30°, matrix 256×256, slice thickness: 2 mm). Images were acquired
using a standard head coil.

2.5. Data analyses

Group differences for age, cannabis use and performance were
analyzed by means of Student t-tests. In case the normality
assumption was violated group differences were analyzed by means
of non-parametric Mann–Whitney-U-test. Gender distribution was
analyzed by means of χ2 Fischer's Exact Test, differences in response
latencies between the three n-back tasks were analyzed by means of
repeated measures ANOVA using SPSS15 (SPSS Inc., Chicago, Ill).
Imaging data were preprocessed and analyzed using SPM2 software
(Wellcome Department of Cognitive Neurology, London, UK) imple-
mented in Matlab7 (The Mathworks Inc., Sherborn, MA). To correct
for motion-related variance components the scans obtained for each
subject and each condition were initially realigned to the first image
of each scan. All mean images were subsequently normalized with
the SPM2 MNI template (resampled to 2×2×2 mm3 voxels), and
smoothed with a Gaussian kernel (triple voxel size). Raw time series
were detrended by the application of a high-pass filter (cut-off period:
128s). For the following parameter estimation, an appropriate design
matrix was specified using a boxcar function as reference waveform.
Condition-specific effects in the three n-back tasks were assessed in a
first level analysis by comparing the active condition (1-, 2- or 3-back)
with their respective control condition (0-back) for each subject. To
examine whether the paradigm led to significant cortical activation in
the working memory specific fronto-parietal network, activation
maps were obtained for each n-back task and examined using sep-
arate one sample t-tests. Minimum cluster size was set to 20 voxels,
activations were considered significant if pb .05 (Family Wise Error
(FWE) corrected for multiple comparisons). To examine whether
cortical activity increasedwith increasing task difficulty, paired t-tests
were computed to compare activity during the 1-, 2- and 3-back task
(pb .05, FWE-corrected, cluster sizeN20 voxels). To explore differ-
ences between the groups, SPM2 group maps were generated using a
random-effects model. Individual contrast images computed in the
first level analysis were used to perform a two-sample t-test for each
of the three n-back tasks. Given the exploratory nature of the present
study and to improve statistical power, analyses were restricted to
anatomically defined regions of interest (ROI). Based on findings from
previous studies reporting differences in cortical activity during work-
ingmemory challenge between cannabis users and controls (Jager et al.,
2006; Kanayama et al., 2004), the analyses were restricted to the
dorsolateral prefrontal cortex (DLPFC, anatomically defined as Brod-
mann areas 9 and 46) and the superior parietal lobe (SPL, anatomically
defined as Brodmann area 7). Both the DLPFC and the SPL have
consistently beenassociated toworkingmemoryprocessing (D'Esposito
et al., 1998) and were reliably activated by a very similar verbal n-back
paradigm in previous studies from our research team (Daumann et al.,
2003a,b, 2004). ROIs were anatomically defined by use of the WFU
Pickatlas (Version 2.4) which provides a method for generating ROI
masks based on the Talairach Daemon database (see Maldjian et al.,
2004; Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002). The
implemented atlases are in MNI space with dimensions of
91×109×91 sampled at 2 mm intervals, corresponding to the SPM
MNI templates. ROI-based two-sample t-tests were computed with a
threshold of pb .05 and corrected for multiple comparisons (Family
Wise Error, FWE; cluster sizeN20 voxels), implemented in a small
volume correction, based on the size of the ROIs. Finally to control for
interference with subacute effects, ROI-based analysis was used to
compare participants with and without positive urine screenings for
THC (cut-off=50 ng/ml).

To further explore associations between BOLD response and
cannabis use characteristics, whole brain correlation analyses were
performed (pb .001, uncorrected; cluster sizeN20 voxels). Separate
analyses were computed for the following parameters of cannabis use
(1) age of onset of use, (2) time since last use, (3) average frequency of
use, (4) maximum days of use, (5) estimated cumulative lifetime dose,
(6) average and (7) highest daily dose ever used, aswell as (8) duration
of regular use. Additionally, regressions were performed for age and
years of education. Because MNI coordinates do not accurately match
the brain of Talairach and Tournoux (1988), we used the Matlab
function mni2tal by M. Brett for nonlinear transformation of MNI to
Talairach coordinates.

3. Results

3.1. Demographics, drug use and cognitive performance

Sociodemographic data and patterns of cannabis use are given in
Table 1. Both groups were similar in terms of education (t=1.93,
p=.061) and gender distribution (χ2=1.52, p=.281), yet EOU were
younger (t=3.69, pb .001). The groups were identical in the average
number of cigarettes smoked per day (t=.240, p=.811) and the
average frequency of alcoholic drinks consumed per week (t=.345,
p=.732). Regarding cannabis, the groups showed comparable
patterns of use in terms of lifetime dose, duration of regular use,
average and highest daily dose ever used. However, EOU used
cannabis more frequently (t=−2.28, p=.028). Group differences
regarding the abstinence time were analyzed by means of Mann–
Whitney-U-test. Results from this analysis indicated that EOU had a
significant shorter abstinence period (Mann–Whitney-U=142,
p=.040). Regarding the qualitative drug screening on the day of
the examination all participants displayed a negative drug screen for
the substances amphetamines, benzodiazepines, cocaine, methadone
and MDMA. Groups differed significantly regarding the distribution of
positive THC screenings (19 EOUs, 4 LOUs, χ2=10.14, p=.002).
Analysis of cognitive performance data revealed no significant dif-
ferences between EOU and LOU in the Digit Span Backwards (t=1.31,
p=.197), Trail Making test Trials A (t=.05, p=.962), Trials B (t=.07,
p=.948) and the number of errors in the Standard Progressive
Matrices (t=−1.50, p=.141) (details are given in Table 2). To esti-
mate the impact of subacute cannabis intoxication on cognitive per-
formance participants with and without a positive THC screening
(n=23 and n=20, respectively) were compared. Findings from this
analysis revealed no significant differences (all pN .14).

3.2. Behavioral fMRI data

All participants correctly identified most of the targets in the
control task (mean=99.15%, ±2.26 SD) and performed the working
memory tasks with a high degree of accuracy. The mean number of
targets identified correctly by EOU and LOU did not differ significantly
for the 1-back (t=−1.23, p=.228), the 2-back (t=1.37, p=.179)
and the 3-back (t=.75, p=.457) conditions (Fig. 1). Results from
repeated measures ANOVA indicated that the median response laten-
cies for the three n-back tasks differed significantly (Wilks-Lambda,
pb .001). Response latencies increased in accordance with the
hypothesized increase in memory load with shortest reaction times
for the 1-back condition and longest reaction times for the 3-back
condition. Regarding the direct group comparison post-hoc indepen-
dent samples t-tests indicated significant shorter response latencies
for correct detections in the LOU during the 1-back condition
(t=2.30, p=.029) (details are visually presented in Fig. 1). Again,



Table 1
Demographic features and drug use of early-onset and late-onset cannabis user.

Early-onset users
(age of onsetb16 years; n=26)

Late-onset users
(age of onset≥16 years, n=17)

t /χ2 /U p

Mean (±SD) Median (range) Mean (±SD) Median (range)

Characteristics
Present age (years) 21.0 (±2.8) 20 (18–27) 24.5 (±3.4) 25 (18–30) 3.69 .001** (≤.001)
Gender (m:f)a 19:7 15:2 1.52 .281
Education (years) 14.2 (±2.44) 13 (11–19) 15.7 (±2.78) 16 (10.5–20) 1.93 .061

Cannabis use patterns
Age of first use (years) 13.9 (±1.0) 14 (12–15) 17.0 (±1.5) 16 (16–21) 8.3 .000**
Lifetime dose (gram) 695.3 (±752.9) 580 (10–3640) 486 (±408.4) 450 (10–1250) −1.05 .301
Duration of regular use (months) 53.7 (±41.1) 39 (3–144) 46.6 (±31.7) 48 (3–120) −.61 .547
Days of use per month (average) 17.2 (±10.7) 17.5 (.5–30) 9.8 (±9.9) 6 (.5–30) −2.28 .028*
Days of use per month (maximum) 24.6 (±8.6) 30 (4–30) 21.7 (±10.8) 30 (3–30) −.94 .354
Average daily dose (joints) 2.3 (±1.6) 2 (.5–6) 2.5 (±1.8) 2.5 (.3–6) .31 .758
Highest daily dose ever used (joints) 10.3 (±7.4) 10 (1–32) 9.3 (±8.0) 8 (.5–30) −.43 .672
Time since last useb (days) 97.9 (±285.4) 1 (1–1280) 64.1 (±121.6) 7 (1–365) 142 .040*

t values were calculated using unpaired t-test; 2-tailed (df 41).
*pb.05.
**pb.01.

a Comparison tested with χ2 Fischer's Exact Test (df 1); Exact Significance (2-sided) are reported.
b Comparison tested with Mann–Whitney-U-test; Asymptotic Significance (2-sided) reported.
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we tested for the impact of subacute cannabis intoxication. Partici-
pants with and without a positive THC screening (n=23; n=20) did
not differ significantly in the number of correct responses or response
latencies in any of the three n-back tasks (all pN .10).

3.3. Functional MRI results

The well established n-back paradigm reliably activated the
fronto-parietal working memory networks. Participants showed
working memory associated activation (more response during active
than during control blocks) in several regions including bilateral
prefrontal and posterior parietal areas. These regions are often
reported as being activated in n-back studies of normal individuals
(D'Esposito et al., 1998; Cabeza and Nyberg, 2000; Owen et al., 2005).
In line with the proposed increase in memory load the 1-back
paradigm showed the lowest increase in BOLD response. Compared to
the 1-back task, BOLD response increased during the 2-back task in
bilateral superior frontal, middle frontal and superior parietal lobes. In
contrast to previous studies (e.g. Callicott et al., 1999), additional
memory load during the 3-back task did not lead to a further increase
in BOLD response. Specifics of the n-back task used in the present
study or cannabis use in the entire sample might explain contrasting
results. However, due to the lack of a non-using control group in the
present study, this cannot be further investigated.

3.4. Group comparisons: regions of interest analyses

After FWE-correcting for multiple comparisons, between-group
comparisons restricted to the DLPFC revealed no significant differ-
ences in any of the three n-back tasks. Likewise, between-group
comparisons restricted to the SPL revealed no significant differences
Table 2
Cognitive Performance of early-onset and late-onset cannabis users.

Early-onset users
(n=26)

Late-onset users
(n=17)

Mean (±SD) Mean (±SD)

Digit Span Backwards (digits) 7.1 (±1.9) 7.8 (±1.7)
Trail Making test (seconds)

Trials A 28.9 (±1.5) 29.1 (±2.1)
Trials B 63.8 (±3.8) 64.2 (±3.5)

Progressive Matrices (errors) 10.0 (±8.0) 6.7 (±5.9)
for the 1- and 3-back task. During the 2-back task, however, EOU
showed significantly greater BOLD response in the left SPL (t=4.84;
cluster size=30). Themaximum t-value for this cluster was located in
Talairach-space at x=−20 y=−60 z=52. Results from this analysis
are visually presented in Fig. 2A. To control for the more frequent
cannabis use in the EOU, an additional ANCOVA entering the average
Fig. 1. Graphs showing behavioral performance during the n-back tasks. Mean number of
targets correctly identified (±SD) by early-onset cannabis users (EOU) and late-onset
cannabis users (LOU) andmean reaction times of correct responses on target trials (±SD)
for both groups. (*) indicates significant (pb .05) faster responses.



Fig. 2. Differences in BOLD response between early-onset cannabis users (EOU) and late-onset cannabis users (LOU). A) Group differences EOU−LOU in the superior parietal lobe
(pb .05, FWE and small volume corrected; cluster sizeN20 voxels). B) Group differences EOU−LOU controlled for the frequency of use (pb .05, FWE and small volume corrected;
cluster sizeN20 voxels). C) Simple regression between BOLD response and the age of onset (pb .001, uncorrected).

Table 3
Results of a simple regression between age of onset and BOLD response in the n-back
tasks (p=.001, uncorrected).

Ageofonset
and BOLD
response

Brain region (Brodmann area) Talairach
coordinates

Cluster
size
(voxels)

Z
score

x y z

1-back task
1. Inferior frontal gyrus (BA 45) R 48 25 1 125 4.77
2. Superior frontal gyrus (BA 10) R 12 58 −10 27 4.22
3. Superior temporalgyrus (BA38)L −53 15 −7 68 3.71
4. Insula (BA 13) L −32 13 −4 25 3.69
5. Superior frontal gyrus (BA 8) L −24 45 40 54 3.51

2-back task
1. Precuneus (BA 7) L −22 −56 47 165 3.82
2. Middle frontal gyrus (BA 9) L −32 31 35 66 3.59
3. Inferior frontal gyrus (BA 44) L −50 16 10 33 3.49
4. Paracentral lobule (BA 5) R 8 −42 57 44 3.39

Abbreviations: R: right hemisphere; L: left hemisphere.
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days of cannabis use per month as a covariate was performed. After
controlling for the frequency of use EOU, continued to show greater
BOLD response in the left SPL (t=5.38; cluster size=37, maximum t-
value located at x=−16 y=−62 z=54). Results from this analysis
are visually presented in Fig. 2B. To control for the younger age of the
EOU, an additional ANCOVAentering the current age as a covariatewas
performed. Again, EOU continued to show greater BOLD response in
the left SPL (t=4.86; cluster size=24, maximum t-value located at
x=−20 y=−56 z=49). ANOVA and ANCOVAs exhibited a large
overlap suggesting only marginal impact of the frequency of cannabis
use and the current age on our imaging data. Because findings from a
previous study (Chang et al., 2006) reported an association between
cannabis-associated alterations in cerebellar activity and an earlier age
of onset, we performed an additional analysis anatomically restricted
to the cerebellum. Findings from this analysis revealed no significant
(pb .05, FWE and small volume corrected; cluster sizeN20 voxels)
differences between EOUs and LOUs. Finally to estimate the impact of
subacute cannabis intoxication in the entire sample, users with and
without positive THC screenings (n=23 and n=20, respectively)
were compared. This analysis revealed no significant results.

3.5. Correlation analyses

To control for additional confounds, all cannabis use parameters,
age and education were correlated with BOLD response during the
tasks. However, in this exploratory whole brain analysis only the age
of onset yielded significant (pb .001, uncorrected; cluster sizeN20
voxels) associations in the fronto-parietal working memory network
(Table 3). An earlier start of use was associated with greater cortical
activity in the inferior (right) and superior (bilaterally) frontal gyrus,
the superior temporal gyrus (left), and the insula (left) for the 1-back
task. During the 2-back task an earlier start of use was associated with
increased activation in the precuneus spreading into the superior
parietal lobe (left), the middle and inferior frontal gyrus (both left)
and the right paracentral lobe (Fig. 2C). Apart from cortical activity an
earlier onset was associated with increased activity in the left
putamen (x=−24 y=8 z=4; t=4.90) (see Fig. 2C). No association
between the onset of use and brain activity was found during the
3-back task. Additional correlational analyses between individual
BOLD signal changes at the maximum of the superior parietal cluster
(x=−22 y=−56 z=47) and the age of onset indicated that a
stronger hemodynamic response was linearly associated to an earlier
age of onset and that the age of onset accounts for approximately 29%
of the variance (R2=.29) in the BOLD signal change (Fig. 3).

4. Discussion

4.1. Summary of results

The aim of the present study was to clarify if the age of onset of
cannabis use accounts for altered cortical activation patterns in cannabis
users. We used fMRI to compare working memory performance and
accompanied cortical activation patterns in early- and late-onset



Fig. 3. Correlation of individual fMRI signal changes and the age of onset in the left precuneus.
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cannabis users (EOU, LOU, respectively). Task performance and BOLD
response were assessed during a verbal n-back task with increasing
memory load (1-, 2- and 3-back). In terms of cognitive performance
groups only differed in response latencies for the 1-back fMRI working
memory task. LOU responded faster during this task condition, however
during the more demanding conditions and in terms of accuracy the
groups performed equallywell. The overall pattern of changes in cortical
activation was coherent with previous fMRI studies using n-back
paradigms showing pronounced BOLD response in the frontal, parietal
and occipital lobe (Cabeza and Nyberg, 2000; D'Esposito et al., 1998;
Owen et al., 2005). Cortical activation increased from the first to the
second levels of memory load and remained constant between the
second and third levels. ROI analysis restricted to the DLPFC and the SPL
indicated between-group differences in BOLD response in the SPL. In
comparison to LOU, EOUdisplayed increased activity in the left superior
parietal lobe. Differences remained stable after controlling for the
frequency of regular cannabis use and current age. Further exploratory
whole brain analysis indicated that among all parameters of cannabis
use only the age of onset was significantly related to cortical activity
within theworkingmemory network, suggesting that an earlier start of
use is associated with increased and more widespread activity during
working memory processing.

4.2. Interpretation of findings

Taking into account the preliminary nature of the present study a
number of possible reasons might account for the differences in BOLD
response during working memory challenge in the early- and late-
onset cannabis users. First, differences in cortical activity might reflect
residual effects of subacute cannabis intoxication. The primary
psychoactive component of cannabis Δ9-Tetrahydrocannabinol
(THC) and its metabolites remain detectable in the body of frequent
cannabis users several weeks after the last use (McGilveray, 2005).
EOU in the present study displayed a significantly shorter abstinence
period and compared to approximately one quarter (21%) of the LOU
nearly three-quarter (73%) of the EOU displayed a positive qualitative
THC screening on the day of the examination. An additional group
analysis between participants with and without a positive THC
screening revealed no interference with group differences in the
task-related network, albeit between-group differences in the
proportion of users with positive THC screenings might have skewed
the results from this analysis. Further correlational analysis between
the duration of abstinence and BOLD response revealed no significant
results. However, the skewed distribution of the time since last use
might have inhibited an appropriate estimation of its impact on
cortical activity. The implementation of a supervised abstinence
period at least several days before the examination combined with
quantitative THC screenings might help to clarify this issue in future
studies.

Second, given that EOU and LOU displayed comparable cannabis
using habits and demographic features differences in cortical activity
might be linked to the age of onset of use. Results from the ROI-based
analyses indicate that hyperactivity in the left superior parietal cortex
might reflect selective age of onset associated alterations. Moreover,
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findings from correlational analyses suggest that among the various
parameters of use, in particular, the age of onset might have an impact
upon working memory associated cortical activity and that an earlier
start might be associated to increased parietal, frontal and dorsos-
triatal activities during workingmemory challenge. Several reports on
alteredmemory and attention related neural activity in adult cannabis
users have been published throughout the last years (Chang et al.,
2006; Eldreth et al., 2004; Jager et al., 2006; Kanayama et al., 2004).
However, to the best of the authors' knowledge to date only one study
found associations between the age of onset and altered neural
activity (Chang et al., 2006). In this fMRI study abstinent and current
cannabis users showed decreased prefrontal, parietal and cerebellar
response and increased response in several smaller frontal, parietal
and occipital regions during a set of visual attention tasks. Remark-
ably, an earlier age of onset was related to increased cerebellar and
decreased prefrontal activities. Additionally, a growing number of
studies addressed memory performance and concomitant functional
activity in cannabis using adolescents. Compared to age-matched
controls adolescent users displayed altered neural activity during a
wide range of cognitive tasks (e.g. Jacobsen et al., 2004, 2007; Padula
et al., 2007; Schweinsburg et al., 2008; Tapert et al., 2007). Regarding
working memory processing adolescent cannabis users displayed
increased verbal memory related activity in posterior cortical regions
during nicotinewithdrawal (Jacobsen et al., 2007) as well as increased
parietal and decreased prefrontal and occipital activities during
spatial working memory challenge (Schweinsburg et al., 2008). In
the latter study an earlier age of onset was related to decreased
occipital activity. Findings from the present study confirm the
association between early-onset cannabis use and hyperactivity
within the workingmemory network. However, associations between
an earlier onset of use and decreased cortical and cerebellar activities
were not obvious in the present sample. The contrasting results might
be attributable to different participant characteristics. Compared to
participants studied by Chang et al. (2006) subjects in the present
sample were younger, smoked cannabis less frequently and reported a
shorter mean duration of use. In line with findings from a recent study,
suggesting that theprolonged use of cannabis leads to different stages of
neuroadaptation (Tapert et al., 2007) participants in the present study
might be situated in an earlier stage of adaptive processing.

During this early stage prefrontal regions might still remain un-
affected by cannabis use. In terms of cannabis using habits adolescent
participants in the most recent study (Schweinsburg et al., 2008) were
comparable to participants in the present study, however, had passed
28 days of monitored abstinence before the examination. In contrast,
most of the participants in the present study (69%) had used cannabis
within seven days prior to the examination. Based on their results
Schweinsburg et al. (2008) suggested that neural recruitment changes
throughout the course of abstinence. It, thus,might be suggested that an
association between the onset of use and decreased activity develops as
a consequence of withdrawal symptoms or a change in neurocognitive
strategy with prolonged abstinence. Because of the relative short
abstinence period in the present study interactions between an early
onset of use and subsequent longer periods of abstinence might have
remained undiscovered in the present investigation. Alternatively, the
skewed distribution of the abstinence periods in the present sample
might have interfered with an appropriate estimation of the impact of
abstinence time on cortical activity.

4.3. Hyperactivity in early-onset users might reflect suboptimal cognitive
efficiency

In contrast to LOU, EOU in the present study initiated cannabis use
during early and middle adolescence. During this period several
neuromaturational progressive (i.e. myelination) and regressive (i.e.
synaptic pruning) changes promote increasing cognitive efficiency
(Powell, 2008). The development of adult-level cognition involves
increasing localization and functional specialization of cortical activity
(Bunge and Wright, 2007; Konrad et al., 2005). Remarkably,
adolescents have been shown to display more distributed activity
throughout the parietal cortex during spatial working memory
challenge, whereas adults recruit more local and functional special-
ized cortical networks (Scherf et al., 2006). The authors concluded
that adolescents compensate for less integrated functional connec-
tivity and less specialized computations by the recruitment of larger
neural networks (Scherf et al., 2006). Given that the parietal lobes are
among the brain regions that mature particularly late in ontogenetic
neurodevelopment (Gogtay et al., 2004) and that the endocannabi-
noid system regulates fundamental neuromaturational processes
(Harkany et al., 2007), EOU in the present study might have relied
on more adolescent and, thus, suboptimal cortical activity patterns.
However, brain dynamic changes during adolescence are affected by
biological (i. e. maturation) as well as environmental (i. e. learning,
experience) factors. Early-onset cannabis use might, therefore, have
interfered with neuromaturational processes or, alternatively, might
have led to less neural refinement due to a lack of environmental
stimulation. Hyperactivity in theEOUwasmostpronounced in the (left)
superior parietal lobe in the present study. This region has been
proposed to be closely associated to focusing attention (Culham and
Kanwisher, 2008; Osaka et al., 2007) and to support the central
executive in working memory processes (Collette et al., 2006; Osaka et
al., 2004). Differences in the amount of cortical activity in this region,
thus, might, alternatively, be considered as evidence for different
cognitive strategies or a difficulty in the EOU to focus attention.

4.4. Is the adolescent brain more vulnerable to the effects of cannabis
use?

Findings from the present study suggest that the developing brain
might be more vulnerable to the harmful effects of cannabis. Several
reports on altered functional activity in adult and adolescent cannabis
users provide support for this hypothesis. Studies investigating the
sequelae of early-onset cannabis use reported age of onset related
impairments most consistently in the domains of attention and
working memory. An early study reported that beginning cannabis
use before the age of 16 predicted dysfunctional visual attention
(Ehrenreich et al., 1999). More recently in two electrophysiological
studies, specific attentional dysfunctions in early users have been
reported. Compared to controls cannabis users displayed altered
steady state visual evoked potentials (Skosnik et al., 2006) and
impaired information processing (Kempel et al., 2003). Increasing
alterations were associated to an earlier start in both studies. Further
support comes from several animal studies. In rats residual learning
impairments have been reported after chronic exposure to cannabis
during adolescence, yet not during adulthood (Stiglick and Kalant,
1985). More recent animal studies, directly comparing adolescent and
adult rats, reported cognitive deficits specific to adolescent onset
exposure. Working memory and social interaction impairments were
observable in adolescent but not in adult rats treated with the
cannabinoid agonist CP55,940 (O'Shea et al., 2004). Finally rats
exposed to Δ9-Tetrahydrocannabinol in either adolescent or adult
development stages showed residual impairments in object recogni-
tion only if treatment was applied during adolescence (Quinn et al.,
2003). Taken together, these findings suggest that beginning cannabis
use during early and middle adolescence might lead to enduring
deficits in specific cognitive domains, most prominently attention and
working memory. Our results are in line with these findings and
suggest that among all parameters of cannabis use, starting to
consume the drug during adolescence might, in particular, have a
critical impact on neuropsychological functioning in later life. This
view is supported by the fact that no other parameter of use, such as
cumulative dose or frequency of use, was directly associated to
cortical activity within the working memory network. If these early-



844 B. Becker et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 34 (2010) 837–845
onset related alterations persist during prolonged abstinence or just
emerge in interaction with recent cannabis use remains unclear.
Future studies incorporating prolonged abstinence periods are need-
ed to address this issue. Differences in cortical activity were found
only during the 2-back condition; however, not during the 1-back or
the 3-back condition. The finding that no between-group differences
became apparent for the less demanding 1-back condition might
indicate that early-onset related cortical alterations only take effect at
higher levels of working memory load. This would be in line with
findings from previous studies suggesting that drug-related altera-
tions in cortical activity only become obvious at higher levels of
working memory load (e.g. Daumann et al., 2004). The finding of no
between-group differences in the most demanding 3-back task might
be explained in terms of a ceiling effect. Working memory has been
defined as a system of limited capacity (Baddeley, 2000). Findings
from neuroimaging studies suggest capacity-constrained responses in
the DLPFC and parietal areas (Callicott et al., 1999). During the 3-back
task both groups might have reached their capacity limits. The task
might have been too difficult to detect subtle between-group
differences.

4.5. Limitations

Findings from the present investigation should be regarded as
preliminary and interpreted with several limitations in mind. First,
because the present study did not incorporate a non-using control
group we cannot exclude the possibility that EOU showed normal
cortical activity, whereas LOU displayed decreased levels of activity
within the context of unimpaired performance. In the context of
functional compensation this finding would suggest increased
working memory efficiency in the LOU. This hypothesis, however,
seems unlikely, since it would be contradictory to several reports on
increased activity during working memory challenge in drug using
populations (e.g. Daumann et al., 2003a; Jager et al., 2006) and on
neuropsychological impairments in cannabis users (e. g. Bolla et al.,
2002; Messinis et al., 2006; Solowij et al., 2002). Future studies
incorporating a non-using control group or a prospective design will
be needed to adequately address this issue. Second, differences
between groups may alternatively be associated to task-unrelated
differences in regional blood flow. Compared to controls cannabis
users have demonstrated increased blood volumes in frontal,
temporal and cerebellar regions (O'Leary et al., 2002; Sneider et al.,
2006). In chronic cannabis users alterations remain detectable after a
month of abstinence (Herning et al., 2005). Between-group differ-
ences in cannabis-associated blood flow abnormalities, possibly due
to differences in the age of onset or the frequency of cannabis use,
could have affected the amplitude of the observed BOLD response.
Third, differences in cortical activation patterns between EOU and
LOU might have preceded the initiation of use. Due to the cross-
sectional study design we cannot exclude this alternative explanation
of the present findings. Certain subject characteristics may have an
impact on the age of onset of cannabis use. For example, EOU might
comprise a subgroup of users with better cognitive functioning and
social skills necessary to engage in earlier cannabis use related
behaviors. However, this hypothesis seems unlikely, since findings
from previous studies (Ehrenreich et al., 1999; Pope et al., 2003)
suggest lower cognitive functioning in users with an earlier onset
compared to users with a later onset. However, to fully adjust for
premorbid differences prospective data are needed. However, a
comparison of EOU and LOU with comparable cannabis use patterns
might help to control for confounding variables like e.g. the cannabis-
associated lifestyle (e.g. altered nutrition and sleep habits). Fourth, in
previous studies, early-onset cannabis use and early-onset alcohol
and nicotine use were highly interrelated (e.g. Martin et al., 1996)
making it difficult to disentangle the effects of the substances.
Differences reported in the present study, thus, might reflect rather
general effects of early-onset substance use than selective effects of
early-onset cannabis use. Moreover, early-onset substance use is
highly interrelated with ADHD and conduct disorder. In the present
study participants with ADHD were excluded; however, conduct
disorder was not specifically assessed. To control for potential
confounders future studies should consider the exclusion of partici-
pants with conduct disorder. Fifth, a general problem in investigations
examining cannabis users is the fact that varying potencies and
variable methods of inhaling make the estimation of parameters such
as cumulative lifetime dose little reliable. However, our experience is
that the age of first use is well remembered by most participants.
Finally we cannot exclude that (sub-)acute nicotine effects might
have affected cortical activity. Acute nicotine administration has been
shown to increase BOLD response in superior frontal and superior
parietal cortices during working memory challenge (Kumari et al.,
2003). Therefore, between-group differences in acute nicotine levels
might have caused divergent BOLD response between EOU and LOU.
Future studies should consider an appropriate abstinence time before
scanning. However, this issue seems difficult to address, since
prolonged nicotine abstinence might lead to withdrawal symptoms
which in turn has an effect on cortical activity patterns.

5. Conclusion

Our findings suggest that an earlier start of cannabis use is asso-
ciated with increased cortical activity in adult cannabis users. Among
all cannabis use parameters the age of onset of use might have a
particular critical impact on intact cognitive processing. However,
based on the present results we cannot exclude that between-group
differences that preceded the onset of use or differences in subacute
cannabis effects might have caused between-group differences in
cortical activity. Further studies are needed to confirm the impact of
the age of onset of use.
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