
NEW RESEARCH

Cannabis Use and Memory Brain Function
in Adolescent Boys: A Cross-Sectional

Multicenter Functional Magnetic Resonance
Imaging Study

Gerry Jager, Ph.D., Robert I. Block, Ph.D., Maartje Luijten, M.Sc.,
Nick F. Ramsey, Ph.D.

Objective: Early-onset cannabis use has been associated with later use/abuse, mental health
problems (psychosis, depression), and abnormal development of cognition and brain function.
During adolescence, ongoing neurodevelopmental maturation and experience shape the neural
circuitry underlying complex cognitive functions such as memory and executive control. Prefron-
tal and temporal regions are critically involved in these functions. Maturational processes leave
these brain areas prone to the potentially harmful effects of cannabis use. Method: We
performed a two-site (United States and the Netherlands; pooled data) functional magnetic
resonance imaging (MRI) study with a cross-sectional design, investigating the effects of adoles-
cent cannabis use on working memory (WM) and associative memory (AM) brain function in 21
abstinent but frequent cannabis–using boys (13–19) years of age and compared them with 24
nonusing peers. Brain activity during WM was assessed before and after rule-based learning
(automatization). AM was assessed using a pictorial hippocampal-dependent memory task. Re-
sults: Cannabis users performed normally on both memory tasks. During WM assessment,
cannabis users showed excessive activity in prefrontal regions when a task was novel, whereas
automatization of the task reduced activity to the same level in users and controls. No effect
of cannabis use on AM-related brain function was found. Conclusions: In adolescent
cannabis users, the WM system was overactive during a novel task, suggesting functional
compensation. Inefficient WM recruitment was not related to a failure in automatization but
became evident when processing continuously changing information. The results seem to
confirm the vulnerability of still developing frontal lobe functioning for early-onset cannabis
use. J. Am. Acad. Child Adolesc. Psychiatry, 2010;49(6):561–572. Key Words: cannabis,
adolescence, early-onset, fMRI, memory
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E arly initiation of cannabis use increases the
risk of later use/abuse of other drugs and
drug dependence, and is associated with

mental health problems such as psychosis and
depression. The strength of this association appears
to be dependent on the age when cannabis use
begins.1 A major concern that has only recently
gained attention is the effect of early-onset cannabis
use on adolescent brain function and neurodevel-
opment.
Supplemental material cited in this article is available online.
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The still-developing adolescent brain differs
natomically and neurochemically from the adult
rain2,3 and is likely more susceptible to drug-

nduced adaptive neuronal plasticity.
Animal studies on the neural consequences of

hronic cannabis exposure during the peri-ado-
escent period report changes in brain structure
predominantly limbic brain regions) and altered
motional and cognitive performance in later
ife.4 However, these effects were mostly ob-
erved at relatively high doses of synthetic can-
abinoids (Win 55,212-2; CP 55,940) and there-
ore may not be comparable to the human
ituation.
Studies in cannabis-using human adolescents
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are still limited, but a number of functional
magnetic resonance imaging (fMRI) studies have
linked adolescent cannabis use to increased pari-
etal activation along with diminished prefrontal
activation during spatial working memory, and
to increased parietal and prefrontal activation
during inhibition, indicating reorganization of
neural networks and recruitment of additional
neural resources,5,6 as previously reviewed.7-9

Throughout early and late adolescence, matura-
tional processes occur at different rates in various
brain regions. Maturation is slightly delayed in
the temporal and prefrontal cortex, regions criti-
cally involved in memory and learning and cog-
nitive control.2,10 The aim of the present study
was to investigate the effects of adolescent regu-
lar cannabis use on memory-related brain func-
tion, with a focus on temporal and prefrontal
regions. As there is evidence for gender differ-
ences in the rate and timing of neurodevelop-
ment11 and neurodevelopmental responses to
cannabinoid exposure,12 only boys were in-
cluded in this study. We performed Blood-Oxy-
gen-Level-Dependent (BOLD) fMRI using two
tasks that reliably engage prefrontal and/or tem-
poral brain regions, i.e., a verbal working mem-
ory (WM) task and a pictorial associative mem-
ory (AM) task, and compared regularly
cannabis-using boys with age-matched nonusing
peers. Previous fMRI studies from our laboratory
in adult cannabis users and nonusing controls
applied the same task paradigms.13,14 These stud-
ies yielded no effects on task performance. How-
ever, with regard to brain activity, adult cannabis
users displayed subtle alterations in superior
parietal brain activity patterns during WM13 and
overall hypoactivity in a network of prefrontal
and parahippocampal areas during AM.14 In the
present study, therefore, we would not expect a
performance deficit, as the adults (having used
for several years, i.e., longer than the current
adolescent users) did not exhibit a deficit. For
brain activity, we anticipated two possible out-
comes. For one, effects of cannabis on brain
activity could mimic those in the adults, i.e.,
altered parietal brain activity during WM and
reduced activity during AM, suggesting age-
independent effects of cannabis use. Alterna-
tively, brain activity findings could differ from
those found in adult users. In this case, we
hypothesized hyperactivation to compensate for
cannabis-induced dysfunction, most prominently

in parahippocampal and prefrontal brain areas. d
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his study was a joint venture of the University
edical Center Utrecht (the Netherlands) and the
niversity of Iowa (United States). Data were pooled

o increase statistical power.

articipants
n total, 47 boys, aged 13 through 19 years, were included
n the study; 23 regular cannabis users (11 Dutch, 12 US)

ith at least 200 lifetime episodes of cannabis use, the
thers nonusing controls (12 Dutch, 12 US). Eligibility
as ascertained through a screening procedure involv-

ng questionnaires on drug use, medical history, and
ental health. Table 1 reports inclusion and exclusion

riteria. Written consent was obtained from adolescents
nd their parent/legal guardian in accordance with the
ocal IRB and conformed to the Helsinki Declaration of
004. Adolescents were informed in advance that a
arent/legal guardian had to provide signed informed
onsent and would be informed by the researchers about
he group the adolescent was in (e.g., user/nonuser
roup) without revealing any details on history and/or
attern of cannabis use or other substances. Hence,
arents/guardians knew in which group their son was,
ut we did not share information with them on the
etails of cannabis use, to promote the integrity of the
rug use information we obtained from the youngsters.
ubjects were reimbursed for participation with gift
ertificates.

rocedure
ubjects participated in two separate sessions separated
y 1 week. The first involved screening for inclusion and
xclusion criteria using self-report questionnaires on

ABLE 1 Study Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria

Male sex Medical or neurological problems
Age 12–19

years
Regular use of illegal drugs other

than cannabis (�10 episodes
lifetime), except alcohol or
nicotine

Right-handedness Axis I psychiatric diagnosis, except
for conduct disorder, which is a
common diagnosis in cannabis-
using boys

IQ scores �80
Use of psychotropic medication
Contraindications for MRI

(claustrophobia, metal objects,
full dental braces)

Note: MRI � magnetic resonance imaging.
rug use history and a semistructured psychiatric inter-
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
view (NIMH Diagnostic Interview Schedule for Chil-
dren; C-DISC–version IV). To estimate cannabis use
parameters, a semi-structured self-report questionnaire
was used, containing questions on the number of times
subjects used cannabis during the last 3 months, the last
year, and (if relevant) previous years, as well as the
number of joints/blunts smoked per occasion. Lifetime
number of cannabis use episodes was estimated through
extrapolation. In addition, we estimated the number of
joints smoked the previous year (number of episodes �
average number of joints used per occasion) and number
of joints lifetime, where we took into account periods of
reported more or less frequent use.

To estimate IQ, subjects performed four subtests (sim-
ilarities, block design, vocabulary and matrix reasoning)
of the Wechsler Intelligence Scale for Children–4th edi-
tion (WISC-IV). The second session, 1 week after the first,
included neuropsychological testing (results to be re-
ported elsewhere) and fMRI scanning. Participants ab-
stained from cannabis, alcohol, and other substances for
at least 24 hours before the first session and remained
abstinent until completion of the second session. Smok-
ing was allowed until 2 hours before the scanning session
(to avoid nicotine withdrawal). On both sessions, urine
samples were collected for drug screening (enzyme-
multiplied immunoassay for cannabis, alcohol, amphet-
amines, ecstasy, opiates, cocaine, and benzodiazepines).
Exclusion followed on positive testing on any psychoac-
tive substance on the second test day, except for canna-
bis, which can linger in the body for several weeks
because of its lipophilic properties and thus can induce a
positive test result even after 1 week of abstinence.15

Instead, cannabis-using subjects were excluded only
when their urine toxicology test failed to show a decrease
in quantified levels (�g/L) of cannabinoid metabolites
(THCCOOH) between the first and second urine sample
taken. Based on the laboratory results, two subjects had
to be excluded from analyses. Two other subjects had a
positive urine test on cannabinoids during the second
session, but THCOOH-levels were decreased compared
with the first measurement 1 week earlier, which was
consistent with self-reported abstinence. All other sub-
jects had negative urine tests on the day of testing.

Assessment of WM and AM
Two fMRI tasks were administered: a verbal WM task
(Figure 1) based on Sternberg’s item-recognition para-
digm (denoted STERN), and a pictorial AM task (de-
noted PMT; Figure 2). Both tasks have previously been
described in detail.13,14 STERN assesses the WM system
before and after practice (automatization). Subjects were
instructed to memorize a set of five letters (memory set)
and subsequently to respond to single letters (probes) by
pressing a button if the probe was in the memory set
(target). A novel (NT) and a practiced task (PT) were
administered. In PT, a fixed memory set was used
repeatedly, on which subjects were trained before scan-

ning to induce automatization. In the NT, the composi- a
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ion of the memory set was changed after every epoch.
n additional reaction time control task (CT) was in-

luded during which subjects made a button press when
he symbol “� �” appeared. In the scanner, each task
CT, PT, and NT) was presented in six epochs (duration,
9 seconds) of 10 stimuli each, as well as six rest periods
f equal epoch duration.

PMT assesses (para)hippocampal-dependent AM and
nvolves three tasks. First, an associative learning task
AL) is performed that requires subjects to establish a

eaningful connection between two pictures and to
emorize the combination. Next, single pictures have to

e classified (SC), which serves as a control task; i.e.,
ompared with AL it requires the same amount of
erceptual processing and a motor response, but it lacks

he associative learning component. Finally, the retrieval
ask (RE) asks subjects to recognize specific combinations
reviously presented during AL, and provides a perfor-
ance measure. Each task was presented in three epochs

duration, 65 seconds) of eight stimuli each, as well as
hree rest periods of equal duration.

MRI acquisition
maging was performed using a clinical 3 T MRI scanner
Philips Achieva [the Netherlands] and Siemens Magne-
on Trio [US]), both with an eight-channel head coil. Pilot
ata on various T1 and EPI scan sequences from three
ubjects (i.e., researchers G.J. and N.F.R. and a research
ssistant, J.Z.) were tested for homogeneity of signal-to-
oise (SNR) and temporal signal-to-noise (tSNR) ratios
cross sites and vendors. The scan parameters yielding
ighest similarity between SNR and tSNR maps across
canners were used for both tasks: TE/TR 35/2000 ms,
ip angle 70°, field of view (FOV) 256 � 256 mm,

IGURE 1 Temporal sequence of events for the working
emory task. Note: Each epoch starts with presentation of

he memory set (a set of five consonants, for example,
FGMPT”), and is followed by 10 trials showing a single
onsonant. Subjects have to press a button as fast as
ossible if the letter belongs to the memory set.
cquisition matrix 64 � 64, slice thickness 3.6 (plus a
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JAGER et al.
0.4-mm gap), voxel size 4.0-mm isotropic, 26 slices, scan
orientation transaxial for STERN and parallel to the long
axis of the hippocampus for PMT. Details on the issue of
multisite studies and scanner compatibility are presented
in Supplement 1 and Figure S1 (available online). For
STERN, a single run of 312 scans was acquired over a
period of 10.4 minutes. For PMT, a single run of 324 scans
lasted 10.8 minutes. In addition, a volumetric T1-
weighted MR anatomical scan was acquired for spatial
localization (TR 25 ms, flip angle 30°, FOV read 256 mm,
voxel size 1.0 mm isotropic, 176 slices, scan duration 7.8
minutes).

Statistical Analysis
Sample Characteristics and Drug Use. Cannabis pa-
rameters were as follows: age of onset, cumulative use
lifetime (estimated number of joints), current or recent
use (number of joints last year), frequency and duration
of use, and abstinence (weeks since last use). Additional
drug use data included last year use of alcohol (average
number of drinks/week), tobacco (average number of
cigarettes/week), and lifetime use of other illegal sub-
stances (number of occasions lifetime). Because distribu-
tion of the drug variables was skewed, scores were
log-transformed, except for age of onset of cannabis,
which was normally distributed. Other variables in-
cluded age, estimated IQ, country (US versus NL), and a

FIGURE 2 Temporal sequence of events for the associa
instruction slide (5 seconds) followed by a fixation cross (
each (picture pair 5 seconds, fixation cross 2.5 seconds).
to the instruction in each task condition.
diagnosis of conduct disorder (yes/no). Group differ- u
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nces were tested using t tests and nonparametric Kol-
ogorow-Smirnov Z tests.
ask Performance. Outcome measures included reac-

ion times (STERN only) and accuracy. General linear
odel (GLM) repeated measures analysis was applied,
ith task condition (CT, PT, and NT for STERN; AL, SC,

nd RE for PMT) and outcome measure (reaction time
nd accuracy) as within-subject factor, and group (user
ersus control) as between-subject factor. To adjust for
ormal developmental effects, i.e., younger boys per-
orming relatively worse than older ones, age was in-
luded as a covariate.
MRI. Imaging data were analyzed using SPM5 (http://

ww.fil.ion.ucl.ac.uk/spm). Pre-processing included
ealignment (motion correction) and unwarping, co-
egistration, normalization, and smoothing with an
-mm (FWHM) Gaussian kernel. First, statistical activity
aps were generated for each subject for all task condi-

ions (CT, PT, and NT for STERN; AL, SC, and RE for
MT) by analyzing time series data with multiple regres-
ion analyses using a vector representing the design of a
ask and including cosine basis functions to remove low
requency drifts in the signal (details on preprocessing
nd first-level statistical analysis in Supplement 1, avail-
ble online). Next, for STERN, individual contrast maps
ere created for NT and PT, corrected for individual

ffset activity levels (i.e., subtracting activity levels dur-
ng the control task [CT], representing baseline activity

emory task. Note: Each epoch starts with an
econds). This is followed by eight trials of 7.5 seconds
ects respond by pressing one of two buttons, according
tive m
2.5 s
Subj
nrelated to WM processing, from activity levels during
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
NT and PT, respectively). Similarly, for PMT, we created
individual activity maps for AL and RE, corrected for
individual offset activity levels during the control condi-
tion, contrasting both AL and RE with SC. Contrast maps
were then used in a second-level whole-brain analysis to
test for effects of cannabis use on brain activity. Age and
a dichotomized variable for country (0 for the Nether-
lands; 1 for the United States) were added as covariates,
to take into account potential systematic effects of age
and/or differences in MRI scanners across sites. In addi-
tion to whole-brain analysis, region-of-interest (ROI)
analyses were performed. To check whether users and
nonusers activated similar networks of brain regions
during WM (as expected, as there is no a priori reason to
assume that cannabis users show significant functional
reorganization of the brain), we defined ROIs for both
groups separately (group contrast maps; NT-CT for
STERN and AL-SC for PMT, p � .05, FWE corrected).
Visual inspection of the group activation maps indicated
no differential activation patterns between users and
controls. Therefore, ROIs used for further analyses (Table
2) were derived from group contrast maps (NT-CT for
STERN and AL-SC for PMT) of all subjects combined
(p � .05, FWE corrected). For STERN (Figure 3), this
yielded activated regions in the left superior parietal
cortex (l-SPC), left inferior frontal gyrus (l-IFG), left
precentral and dorsolateral prefrontal cortex (l-PCC/
DLPFC), and anterior cingulate cortex (ACC). For PMT,
activated regions included bilateral regions in the para-
hippocampal gyrus, middle occipital gyrus, and prefron-
tal areas (Figure 4). ROIs for both tasks involved regions
known from previous studies from our laboratory, using
the same task paradigms,13,14,16 and hence, met a priori
expectations. ROIs were marked and activity values for
all subjects were obtained per ROI by averaging �-values
across all contained voxels for NT and PT, and for AL
and RE (corrected for individual offset activity levels),

TABLE 2 Regions of Interest during Working Memory an

Task Region Brodmann area N

STERN ACC 6/24
l-PCC/DLPFC 9/46
l-IFG 47
l-SPC 39

PMT r-PHG/MOG 36/37/19
l-PHG 36/37
r-DLPFC 9/46
ACC 6/24
l-DLPFC 46
l-MOG 19

Note: Montréal Neurological Institute (MNI) coordinates for the regions o
and associative memory (pictorial memory task [PMT]). The coordinates
map. ACC � anterior cingulate cortex; IFG � inferior frontal gyrus; l �

prefrontal cortex; PHG � parahippocampal gyrus; r � right; SPC � s
using the Marsbar toolbox in SPM5.17 Finally, these f
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ariables were entered into GLM repeated-measures
nalyses with task conditions (NT and PT for STERN, AL
nd RE for PMT) and ROIs as within-subject factors, and
roup as between-subject factor. Similar to the whole-
rain analyses, country and age were entered as covari-
tes in all ROI analyses.
otential Confounders. Nine of 12 US cannabis users
et criteria for a diagnosis of conduct disorder, which
ight act as a confounding factor. However, as the

o-occurrence of conduct disorder was restricted to the
S users, it was strongly correlated with the factor

ountry (which was included as a covariate in all analy-
es, together with age), and the effects of conduct disor-
er could not be disentangled from those of country.
annabis use in both US and Dutch users correlated

ignificantly with lower IQ, alcohol use, and tobacco use.
ny significant group difference found on output pa-

ameters (task performance, brain activity) resulting
rom the main analyses (see previous paragraph) was
herefore considered rather an effect of a “cannabis-using
ifestyle” than an effect of cannabis use alone. Yet, to
xplore the relative strength of the effect of cannabis
lone, output parameters were recomputed after control-
ing for confounding effects of IQ, use of alcohol and
obacco by means of multiple regressions, i.e., saving the
tandardized residuals. In a subsequent analysis, we then
e-entered these standardized residuals into group anal-
ses (analysis of variance [ANOVA], GLM repeated
easures). This constitutes a conservative approach
hereby interactions between effects of cannabis and

ther effects are prevented from leaking into the “canna-
is” effect.

ESULTS
wo users were excluded based on positive urine
rug test results, and STERN fMRI data were lost

sociative Memory Tasks

voxels X Y Z T-max

77 �4 12 48 9.55
48 �40 0 36 6.21
35 �36 24 0 6.13

6 �28 �60 36 4.73
10 36 �52 �20 13.49
39 �36 �48 �20 12.80
43 48 28 20 8.74
20 4 20 44 7.68
17 �44 20 20 7.18
17 �24 �92 4 7.60

st involved in working memory (Sternberg item-recognition task [STERN])
and Z represent location of the voxels with the highest t value in the group
MOG � middle occipital gyrus; PCC/DLPFC � precentral/dorsolateral
r parietal cortex.
d As

o. of

3
1

f intere
X, Y,
left;
or one control because of technical malfunction.
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JAGER et al.
Results are reported for 45 participants (21 users, 24
controls) for sample characteristics, drug use, and
PMT data, and for 44 participants (21 users, 23
controls) for STERN.

Sample Characteristics and Drug Use
Table 3 summarizes sample characteristics and
drug use for users (US and Dutch) and nonusers
(US and Dutch). Users were, on average, absti-
nent for 5.1 weeks (�4.2). Groups did not differ
in age, but users had significantly lower IQ-
scores than controls (p � .01), and reported
significantly higher previous-year consumption

FIGURE 3 Regions of interest for the working memory
dorsolateral prefrontal cortex. (C) Left superior parietal co
based on the contrast between novel and control task (p �
Montreal Neurological Institute system. Slices are in neuro

FIGURE 4 Regions of interest (ROI) for the associative
(para)hippocampal gyrus (PHG). (C) Left middle occipital
cortex. (F) Anterior cingulate cortex. ROIs are based on c
.001). Numbers above slices indicate z coordinates of the
neurological orientation (i.e., left side is left hemisphere).
JOURN
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f alcohol (mean alcoholic drinks per week 13.3
� 13.6] for users compared to 3.4 [� 5.8] for
ontrols) and tobacco (mean number of cigarettes
moked per week 63.8 [�53.4] for users com-
ared with 6.1 [�14.9] for controls). In addition,
emographic and cannabis use parameters were
ompared for the user and nonuser groups sep-
rately, comparing US subjects with Dutch sub-

ects, to identify potentially site related biases.
utch users were older than US users (mean age

7.9 years [�� 0.9] and 16.7 [�� 0.8] respec-
ively, p � .05), but no significant differences

ere found on IQ scores or cannabis use param-

Note: (A) Left inferior frontal gyrus. (B) Left precentral/
(D) Anterior cingulate cortex. Regions of interest are
1). Numbers above slices indicate z coordinates of the
al orientation (i.e., left side is left hemisphere).

ory task. Note: (A and B) Left and right
s. (D and E) Right and left dorsolateral prefrontal
st-associative learning versus simple classification (p �
ntreal Neurological Institute (MNI) system. Slices are in
task.
rtex.

.00
logic
mem
gyru
ontra
Mo
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
eters. Nine US users had a C-DISC diagnosis of
conduct disorder, whereas none of the Dutch
users or the controls (both US and Dutch) had
such a diagnosis.

Task Performance
Figure 5 shows performance data for the study
participants.
WM (STERN). Users did not differ from controls
on reaction times and accuracy during the STERN
task. On average, reaction times and accuracy were
similar to adult performance levels as observed in
our previous study,13 indicating normal behavioral
WM capacity and efficiency. A main effect of age
was observed (F(1,40) � 11.91, p � .001), indicating
that older boys performed faster and more accu-
rately than younger boys, but this was independent
of cannabis use.
AM (PMT). Users performed equally accurate as
controls, and accuracy levels were comparable to
those observed in adults,14 indicating that AM
performance was unaffected by cannabis use. No
effects of age were found.

fMRI data
Scanner compatibility (details in Supplement 1,

TABLE 3 Demographic Characteristics and Drug Use (N

Characteristic

Age 17.2
IQ 101
Cannabis use
Lifetime (no. of joints) 4,006
Last year (no. of joints) 741
Age of onset (years) 13.2
Abstinence (weeks since last use) 5.1
Other substances (use last year)
Alcohol (drinks/week last year) 13.3
Tobacco (cigarettes/week last year) 63.8
Ecstasy (episodes lifetime) 0.3
Amphetamines (episodes lifetime) 1.3
Cocaine (episodes lifetime) 0.4
Psilocybin (magic mushrooms) (episodes lifetime) 0.4
LSD (episodes lifetime) 0.1
Laughing gas (episodes lifetime) 0.7
Benzodiazepines (episodes lifetime) 2.86
C-DISC
Conduct disorder (yes/no) n �

Note: Data are mean with standard deviations and ranges in parenthes
diethylamide; NS � not significant.

aSignificance of differences calculated using independent-samples t tests (
Smirnow Z tests, two-tailed.
available online) was quantified by a direct com- (
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arison of temporal signal-to-noise maps (tSNR)
aps for both STERN and PMT imaging data

etween the two sites, using nonparametric statis-
ics in SPM5 (SnPM5-toolbox; see also www.sph.
mich.edu/�nichols/SnPM/). The results re-
ealed some areas with differential tSNR between
ites, predominantly in the orbito- and ventrome-
ial prefrontal regions. However, there was no
verlap between regions showing scanner-related
ifferences in tSNR and regions of interest (ROI;
ee below) for the WM or AM task.

M (STERN). A second-level whole-brain analy-
is in SPM5 (p � .05, FWE corrected) revealed no
ignificant differences between users and controls
n working-memory–related brain activity before
r after practice (NT-CT and PT-CT contrast
espectively). A subsequent ROI- GLM repeated-
easures analysis (Table 2 and Figure 3 for
OIs), with group as between-subjects factor,

ask (NT, PT) and ROI (l-IFG, l-SPC, l-PCC/
LPFC, ACC) as within-subjects factors, and age

nd country as covariates, yielded a significant
ask � group interaction (F(1,40) � 12.85, p �
001). Separate GLM analyses for NT and PT
howed that the WM system tended to be over-
ctive before automatization (NT) in users

5)

rs (N � 21) Controls (N � 24) pa

, 15–19) 16.8 (1.3, 13–19) NS
.7, 82–116) 111 (11.6, 94–138) �.01

55, 224–32,850) 1.8 (4.0, 0–15) �.001
2, 208–3528) 1.0 (2.9, 0–12) �.001
, 8–16) 15.0 (1.6, 12–17) NS
, 1–16)

.6, 0–46) 3.4 (5.8, 0–24) �.01

.4, 0–144) 6.1 (14.9, 0–53) �.001
, 0–4) 0.1 (0.4, 0–2) NS
, 0–7) –
, 0–4) –
, 0–2) 0.1 (0.4, 0–2) NS
, 0–1) –
, 0–9) 0.1 (0.4, 0–2) NS
, 0–40) 0.2 (0.8, 0–4) NS

es), n � 12 (no) n � 24 (no) �.001

DISC � Children’s Diagnostic Interview Schedule; LSD � Lysergic acid

ntelligence Quotient [IQ], age of onset) and nonparametric Kolmogorov-
� 4

Use

(1.0
(10

(7,5
(77
(2.3
(4.2

(13
(53
(0.9
(2.4
(0.9
(0.6
(0.2
(2.1
(8.8

9 (y

es. C-

age, I
F(1,40) � 2.77, p � .10; Figure 6). They showed
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significantly larger differences in activity before
and after practice, e.g., NT-PT contrast values in
the l-IFG (F(1,40) � 12.04, p � .001), the l-PCC/
DLPFC (F(1,40) � 22.37, p � .001), and ACC
(F(1,40) � 5.42, p � .03). As learning (PT) re-
duced activity in the WM system to the same
level in both groups in most areas, this indicates
overall excessive effort in users to achieve normal
performance when a task is novel (Figure 7).
AM (PMT). A second-level whole-brain analysis
in SPM5 (p � .05, FWE corrected) yielded no
significant group differences in associative learning
or recognition-related brain activity (AL-SC and
RE-SC contrasts, respectively). Neither did a sub-
sequent ROI analysis (all p values �.20; Table 3 and
Figure 4 for details on ROIs).
Potential Confounders. To explore the relative
strength of the effect of cannabis alone on ROI

FIGURE 5 Behavioral data. Note: (A) Working memor
of correct responses on targets for both groups and mean
the control task (CT), after (PT), and before practice (NT).
(percentage correct responses) classification (SC) and rec
users; DN � drug-naive controls.
between-group differences in WM brain activity, p
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verage � values across all contained voxels per
OI were recomputed by running multiple regres-
ion analyses, including IQ, alcohol, and tobacco
se as regressors, and saving the standardized
esiduals. Standardized residuals, which were now
evoid of effects of IQ, alcohol, and tobacco, were
ntered into GLM repeated-measures analyses. The
ask � group interaction remained significant
F(1,40) � 6.81, p � .01). Post hoc ANCOVA with
ge and country as covariates revealed that even
fter adjustment for effects of IQ or alcohol and
obacco use, the group differences in NT-PT con-
rast remained significant in l-IFG and l-PCC/
LPFC (F(1,40) � 5.99, p � .02 and F(1,40) � 12.05,
� .001, respectively) but became marginally sig-

ificant in ACC (F(1,40) � 2.56, p � .10).
In users (N � 21), we assessed whether cannabis

se parameters (number of joints, age of onset)

k: mean reaction time � standard error of mean (SEM)
centage of errors as percent of all trials (�SEM) during
ssociative memory task: accuracy during simple

ion (RE) (� SEM) for both groups. CAN � cannabis
y tas
per
(B) A

ognit
redicted ROI-specific difference in activity before
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and after automatization (NT-PT contrast). In the
l-IFG, number of joints last year was significantly
correlated to the difference in activity before and
after automatization (Spearman’s rho � 0.52, p �

FIGURE 6 Activity levels per region of interest for working m
(NT) for both groups. Note: Activity levels were marginally high
� .10), but no significant group effects were found during PT.
l-PCC/DLPFC � left precentral/dorsolateral prefrontal cortex; l-

FIGURE 7 Contrast values per region of interest for the
difference in activity before and after practice. Note: ACC
gyrus; l-PCC/DLPFC � left precentral/dorsolateral prefro
JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 49 NUMBER 6 JUNE 2010
05), whereas for number of joints lifetime there
as a trend (rho � 0.42, p � .07), tentatively

ndicating that part of the effects found was selec-
ively associated with cannabis use.

ry task (in arbitrary units [AU]) after practice (PT) and before
users compared with controls during NT (F(1,40) � 2.77, p
� anterior cingulate cortex; l-IFG � left inferior frontal gyrus;
� left superior parietal cortex.

king memory task (in arbitrary units [AU]), i.e.,
anterior cingulate cortex; l-IFG � left inferior frontal
ortex; l-SPC � left superior parietal cortex.
emo
er in

ACC
SPC
wor
�

ntal c
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DISCUSSION
This study examined the effects of regular cannabis
use on adolescent WM and AM brain function. No
evidence was found for effects of cannabis use on
AM, at either the behavioral or at the neurophysi-
ological level, but the WM system was overactive
in users during a novel task, whereas automatiza-
tion reduced overall activity to the same level in
users and controls.

Our findings extend those of previous studies in
adolescents with cannabis and alcohol use disor-
ders reporting increased dorsolateral prefrontal ac-
tivation during a spatial WM task.18 Increased
activity levels in hippocampal and parietal regions
have also been observed in abstinent cannabis
using teens during verbal WM,19 all with normal
performance levels.

We have previously observed subtle alterations
during WM in the superior parietal cortex in adult
cannabis users, but not in prefrontal regions.13 The
present results, therefore, support our hypothesis
of age-specific effects of adolescent cannabis use on
still-developing brain function and seem to confirm
the vulnerability of developing frontal lobe func-
tioning.

Animal studies on the neural consequences of
cannabis exposure during adolescence suggest
greater, more persistent memory deficits and hip-
pocampal abnormalities in adolescent than in adult
animals.20 Contrary to what we expected, our re-
sults yielded no proof of impaired AM perfor-
mance or temporal lobe dysfunction. Our findings
are, however, in line with neuropsychological data
in cannabis-using teenagers indicating significant
impact of cannabis on spatial WM and verbal
learning but not on associative learning.21 In adult
cannabis users, we have found hypoactivity com-
pared with that in controls in (para)hippocampal
regions and the right dorsolateral prefrontal cortex
during AM.14 A recent study by Nestor et al.,22

however, reports parahippocampal hyperactivity
and frontocortical hypoactivity in adult users dur-
ing an associative face–name learning task. The
current study fails to replicate either of these re-
sults. One possible explanation for the discrepan-
cies between effects of frequent cannabis use on
AM brain function between adolescents and adults
may be different abstinence periods, as they vary
between short intervals (mean 15 hours; range
2–45),22 at least 1 week, but on average not much
longer,14 and on average 5 weeks (range 1 week to
4 months) in the present study. It has been argued

repeatedly that the nonacute effects of cannabis use

JOURN
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n brain functioning might vary according to the
uration of abstinence23 and that this may even be
ifferent in adolescents.8

This study has several limitations. Groups dif-
ered on a number of key variables, with users
isplaying lower estimated IQ scores and greater
lcohol use and tobacco-smoking histories. Al-
hough the main findings remained unchanged
fter controlling for these factors, and although
annabis use parameters were linked to the exces-
ive activation in the left inferior frontal gyrus
uring the novel task, use of alcohol and tobacco
ose the possibility of synergistic effects. Together,

hese factors may be considered to constitute a
cannabis-using lifestyle” that may be predictive
or detrimental effects on development of cognition
nd brain function. The high prevalence of conduct
isorder in the US users (nine of 12 subjects) may
e related to site differences in recruitment strate-
ies. In the Netherlands, subjects were recruited
sing a variety of strategies, including advertise-
ents on the Internet, and with help of schools. In

he United States, however, recruitment was re-
tricted to local substance abuse councils and ado-
escent health and resource centers offering educa-
ion and treatment programs to minors who got
nvolved with the legal system because of posses-
ion of cannabis or other drugs. Boys ending up in
hese programs may display more externalizing
ehavior problems and more often meet criteria for
onduct disorder. Banich et al.24 compared brain
ctivation patterns during a color–word Stroop
nterference task between adolescents with severe
ubstance and conduct problems and controls. Sim-
lar to our results, these investigators found that
atients needed to engage prefrontal brain regions

o a greater extent than did controls during the
nterference condition to obtain the same level of
erformance. However, the question remains
hether these differences in brain activation are a
redisposing factor in patients with severe, comor-
id conduct and substance problems, or whether
he differences result from the prior ingestion of
llicit substances. The design of our study did not
ermit conclusions on the nature of the potential
onfounding effect of conduct disorder, as presence
f conduct disorder was country-specific and could
ot be disentangled from other site-related differ-
nces. Still, as any effects related to country differ-
nces were regressed out, we believe that we are
ustified in arguing that the confounding influence
f conduct disorder on the main findings is limited.
Besides the advantage of increased power, the
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
multicenter design also poses a challenge in terms
of scanner compatibility. We assessed scanner com-
patibility in the preparation stage of the study,
opted for scan sequences that showed the greatest
similarities in scans across sites, and, after study
completion, used several statistical methods to fur-
ther minimize and/or quantify systematic effects
due to site-related differences in scanner equip-
ment. Nonetheless, we cannot completely rule out
the influence of scanner differences on between-
subjects variability, predominantly in the orbito-
and ventromedial regions. These areas are involved
in inhibitory processes and decision making, and
altered brain function in these areas has been
reported in relation to chronic cannabis use/abuse
and/or use of other drugs.25,26 We acknowledge
limited sensitivity to detect cannabis-related effects
in orbito- and ventromedial regions in the present
study. However, the experimental paradigms ap-
plied in the present study are unlikely to elicit
activations in those areas. Hence, we feel confident
that the results of our ROI analyses have not been
compromised by the multicenter approach.

A third limitation is the cross-sectional design,
and hence, the possibility that the observed differ-
ences in WM related brain function predated the
onset of regular cannabis use. There is ample liter-
ature on genetic, neurobehavioral, and personality
profiles increasing the liability to substance use and
abuse, as reviewed elsewhere.27,28 Such pre-exist-
ing factors may both increase the tendency of
adolescents to get involved in risky behaviors such
as drug use/abuse, and may affect neurocognitive
development. Finally, the inclusion of cannabis-using
boys, only, excludes the possibility to explore gender-
specific differences in the impact of adolescent canna-
bis use on cognition and brain function, for which
there is tentative evidence from animal studies.13

Future neuroimaging studies should attempt to
elucidate the structural and neurochemical corre-
lates that underlie the observed alterations in brain
activation in cannabis users during a cognitive
challenge, because the clinical significance of these
alterations is far from clear.23 Findings of increased
brain activation combined with normal perfor-
mance are commonly interpreted as functional
compensation to maintain normal task perfor-
mance. Yet, a warning against simplistic or mech-
anistic interpretation of increased versus decreased
brain activation in the absence of differences in task
performance seems appropriate, especially with
regard to fMRI studies in adolescents. During ad-

olescence, both brain maturation and learning and t
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xperience shape the neural circuitry that underlies
ognitive brain function, resulting in highly dy-
amic changes in brain function over time.2 Hence,
lterations in brain activity patterns as observed in
he present study may signify persistent dysfunc-
ion but, alternatively, may also reflect a shift or
elay in normal neurodevelopmental changes in
ognitive brain function. In this context, it is inter-
sting to note that our current findings of excessive
ctivation in several prefrontal areas during the
ost demanding task condition show similarities
ith a study on automatization and WM capacity

n schizophrenia by Van Raalten et al.16 This study
eports that patients with schizophrenia, who often
isplay deficits in executive functioning, displayed
imilar levels of brain activity after automatization
ompared with controls; however higher levels of
rain activity during the novel, more demanding
ask indicated inefficient WM function and a failure
o properly engage the WM brain system when
ask demands increase.16 The present results re-
emble these findings. It has been suggested, based
n overlap in cognitive dysfunction associated with

ong-term cannabis use and schizophrenia, that
ith regard to the neurobiology underlying the
ysregulation of higher-order cognitive processes,

he endocannabinoid system may be implicated.29

he endocannabinoid system could be involved,
ither directly or through its interactions with other
eurotransmitter systems, notably dopamine, in

he development of similar cognitive deficits asso-
iated with both cannabis abuse and schizophre-
ia.30 This notion is consistent with the increasing
umber of studies detecting cognitive dysfunction

n adolescent cannabis users7-9 as well as a greater
ncidence of juvenile psychotic symptoms and
ther mental health problems.31 During critical
eriods of neurodevelopment, in particular, adoles-
ence, cannabis use may have more impact, espe-
ially in otherwise genetically predisposed individ-
als, and may precipitate the onset of psychosis.32

his is not to say that cannabis use itself causes
sychosis in young people, but that a complex
ssociation between cannabis use and schizophre-
ia may be due to dysfunction of the endocannabi-
oid system,29 which may be reflected in similari-

ies in abnormal neurophysiology underlying
ognitive brain functions.

In conclusion, teenage cannabis use may reduce
he ability to process information requiring fre-
uent updating. The present study indicates that
redominantly prefrontal brain regions are prone
o adverse consequences of cannabis use during
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this stage of life. Whether the effects of adolescent
cannabis use on working memory–related brain
activation persist over longer periods of abstinence,
as well as their clinical relevance in terms cognitive
dysfunction, remains to be determined. &
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
SUPPLEMENT 1
Magnetic resonance imaging (MRI) scanner com-
patibility. This study was a joint venture of the
University Medical Center Utrecht (the Nether-
lands) and the University of Iowa (United States).
Imaging data were collected using two clinical
3.0-Tesla MRI scanners, both with an eight-channel
head coil but from different vendors (Philips
Achieva in Utrech and Siemens Magneton Trio in
Iowa. As data were pooled to increase statistical
power, the issue of scanner compatibility had to
be dealt with, focusing both on scanner hardware
and software. The following approach to assess
scanner compatibility and to overcome problems
resulting from scanner differences was adopted.

First, in the preparation stage of the study,
pilot data were collected of three subjects (i.e.,
researchers G.J. and N.F.R.) and a research assis-
tant (J.Z.) on both scanners, acquiring several
try-out three-dimensional (3-D) anatomical scans
and functional time series (using different TEs,
TRs and flip angles). Data were tested for homo-
geneity of signal-to-noise (SNR) and temporal
signal-to-noise (tSNR) ratios across sites and ven-

FIGURE S1A Graphic presentation of the results of a n
(STERN) contrasting signal-to-noise (SNR) images from th
wise error (FWE)–corrected p value � .05 (correspondin
that show significantly higher SNR in US scans compared
contrast, i.e., significant higher SNR in Dutch scans comp
interest (ROI) for STERN, used in the ROI analysis. Image
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ors. Three pulse sequences were compared: 3D
RESTO, fast 2D-EPI, and slow 2D-EPI. The first

wo scans involved SENSE/GRAPPA (both scan-
ers had the same eight-channel head coil) and
ielded different tSNR maps. Moreover, we were
ot able to make the pulse sequences exactly the
ame for both scanners. The slow 2D-EPI scan,
hich uses the eight channels but does not apply

ny SENSE or GRAPPA, turned out to be the best
n terms of the SNR and tSNR (data not reported)
nd was selected as the scan with which to
roceed. All scan parameters were the same

TE/TR 35/2000 ms, flip angle 70°, FOV 256 �
56 mm, acquisition matrix 64 � 64, slice thick-
ess 3.6 (plus a 0.4-mm gap), voxel size 4.0 mm

sotropic, 26 slices, scan orientation transaxial for
TERN and parallel to the long axis of the
ippocampus for PMT). The only difference
cross scanners was an opposite step-direction of
he phase-encoding gradient. This caused a dif-
erence in the orbitofrontal region, where macro-
usceptibility causes some signal loss and signal
ecomes shifted away from the brain midline
due to rapid signal decay and a concomitant T2*

rametric two-sample t test for the working memory task
scanner (n � 23) and Dutch scanner (n � 21), family-

eshold value of T � 5.11). Note: In green, the areas
Dutch scans. In blue, the areas of the opposite
with US scans. In red (superimposed), the regions of
in radiological orientation, i.e., left � right.
onpa
e US
g thr
with

ared
s are
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JAGER et al.
weighting across K-space), resulting in reduced
tSNR locally and thus reduces sensitivity for
BOLD-signal change. The step direction could
not be made the same for both scanners, so in the
lowest slices SNR (and, as a consequence, to
some degree tSNR) is lower in the right hemi-
sphere for the Philips scanner and in the left
hemisphere for the Siemens.

Second, after completion of the study the tSNR
maps were quantitatively compared between the
two sites to ascertain the expected similarity, by
directly comparing tSNR maps for both STERN
(working memory) and PMT (associative mem-
ory) image data. As tSNR cannot be assumed to
be normally distributed (both thermal and phys-
iological noise contribute, which have different
distributions), nonparametric statistics were ap-
plied, using the SnPM5b toolbox in SPM5 devel-
oped by Andrew Holmes and Tom Nichols (see
also www.sph.umich.edu/�nichols/SnPM/). For
each subject’s time series, tSNR-images were cre-
ated based on the preprocessed functional images
(i.e., the unwarped, coregistered, normalized, and
smoothed time series) for each task separately.

FIGURE S1B Graphic presentation of the results of a n
task (PMT) contrasting signal-to-noise (SNR) images from
family-wise error (FWE)–corrected p value � .05 (corresp
areas that show significantly higher SNR in US scans com
contrast, i.e., significant higher SNR in Dutch scans comp
interest (ROI) for PMT, used in the ROI analysis. Images a
tSNR-images were entered into a nonparametric (

JOURN
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wo-sample t test in SnPM, using an approximate
est of 1,000 permutations (default procedure to
educe computation time when the exact test
xceeds 5,000 permutations), a family-wise error
FWE)–corrected p value of .05, and contrasting
SNR-maps obtained on the US scanner (Sie-

ens) with tSNR-maps obtained on the Dutch
canner (Philips) for both STERN and PMT. The
esults are shown in Figure S1, and revealed
everal areas that showed significant site-related
ifferences in tSNR (as was expected based on

he pilot data because of different step directions)
nd, hence, in activation effect size. Differences
re most prominent in the orbito- and ventrome-
ial regions, where the difference in step direc-

ion between scanners likely added to suscepti-
ility in these areas to lower signal-to-noise ratios
aused by artifacts resulting from local field
istortions in the proximity of the eye sockets
nd nasal cavities.

Finally, for data analysis, two procedures were
dopted to minimize systematic effects of scan-
er differences on the results. First, preprocess-

ng included a smoothing step of 8 mm FWHM

rametric two-sample t test for the associative memory
S scanner (n � 24) and Dutch scanner (n � 21),

ing threshold value of T � 5.18). Note: In green, the
d with Dutch scans. In blue, the areas of the opposite
with US scans. In red (superimposed), the regions of
radiological orientation, i.e., left � right.
onpa
the U
ond
pare
ared
re in
i.e., two times the voxel size). This is not uncom-
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http://www.sph.umich.edu/~nichols/SnPM/
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TEENAGE CANNABIS USE AND BRAIN FUNCTION
mon in fMRI analyses because of the assump-
tions of Gaussian Random Field Theory needed
for some algorithms, but is important in the
context of scanner differences in that smoothness
equalization (the procedure of smoothing image
data from different scanners with scanner-related
variability in “raw” smoothness to a constant
FWHM) markedly reduces any possible activa-
tion effect size differences between scanners.1

Second, country (US/Netherlands) was entered
as a covariate in the group-wise comparisons on
brain activity, as any site-related differences in
tSNR would result in a systematic difference in
the magnitude of activation (i.e., the contrast-to-
noise ratio).

Preprocessing of fMRI data
Imaging data were analyzed using SPM5
(http://www.fil.ion.ucl.ac.uk/spm). Preprocess-
ing included realignment (motion correction)
and unwarping, coregistration, normalization,
and smoothing with an 8-mm (FWHM) Gaussian
kernel. For realignment (motion correction), all
images were aligned to the first functional image
using a rigid body transformation procedure
(default option SPM). EPI images are sensitive to
distortions due to magnetic field inhomogene-
ities, caused by magnetic susceptibility differ-
ences in neighboring tissues within the head,
resulting in geometrical distortion and signal
loss. SPM5 offers a default procedure (unwarp-
ing), using algorithms to calculate the geometric
distortion with a field mapping sequence, and
then compensates for these artifacts by geomet-

rically unwarping the EPI images and by apply-
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ng cost-function masking in registrations to ig-
ore areas of signal loss. Coregistration involved
oving all source images (the anatomical scan

nd the unwarped realigned EPI images) to a
eference image (mean unwarped EPI image)
sing interpolation methods and affine transfor-
ation. An indirect normalization approach was

sed, coregistering EPI images from each indi-
idual subject with his high-resolution T1 ana-
omical scan (default settings in SPM5), and
ormalizing this anatomical scan to stereotaxic
pace (i.e., the MNI305-template). Parameters
rom this step were used to transfer the EPI
mages to stereotaxic space. No resampling was
one (i.e., voxel size used was the size of acqui-
ition (i.e., 4.0 isotropic). First-level fMRI time
eries model specifications included a vector rep-
esenting the block designs of the tasks, and
odeling the four task conditions (i.e., onset and

urations (in scans) for CT, PT, NT, and instruc-
ion frames for STERN, and AL, SC, RE, and
nstruction frames for PMT) along with a basic
et of cosine functions that high-pass filtered the
ata (cutoff value of 249.6 seconds for STERN
nd 324 seconds for PMT). Cutoff values for high
ass filtering were calculated using in-house–
eveloped software to determine the optimal
igh-pass filter taking into account the R-square
etween the factors included in the model (i.e.,
inimizing multicollinearity).
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