
REVIEW

Weighing the Evidence: A Systematic Review on Long-Term
Neurocognitive Effects of Cannabis Use in Abstinent Adolescents
and Adults

Florian Ganzer1 & Sonja Bröning1 & Stefanie Kraft1 & Peter-Michael Sack1
&

Rainer Thomasius1

Received: 18 August 2015 /Accepted: 14 April 2016 /Published online: 28 April 2016
# Springer Science+Business Media New York 2016

Abstract Findings on neurocognitive effects of sustained can-
nabis use are heterogeneous. Previous work has rarely taken
time of abstinence into account. In this review, we focus on
understanding sustained effects of cannabis, which begin when
clinical symptoms of the drug have worn off after at least
14 days. We conducted a search between 2004 and 2015 and
found 38 studies with such a prolonged abstinence phase.
Study-design quality in terms of evidence-based medicine is
similar among studies. Studies found some attention or concen-
tration deficits in cannabis users (CU). There is evidence that
chronic CU might experience sustained deficits in memory
function. Findings are mixed regarding impairments in inhibi-
tion, impulsivity and decision making for CU, but there is a
trend towards worse performance. Three out of four studies
found evidence that motor function remains impaired even after
a time of abstinence, while no impairments in visual spatial
functioning can be concluded. Functional imaging demonstrates
clear differences in activation patterns between CU and controls
especially in hippocampal, prefrontal and cerebellar areas.
Structural differences are found in cortical areas, especially
the orbitofrontal region and the hippocampus. Twenty studies
(57 %) reported data on outcome effects, leading to an overall
effect size of rmean= .378 (CI 95%=[.342; .453]). Heavy use is
found to be more consistently associated with effects in diverse

domains than early age of onset. Questions of causality―in
view of scarce longitudinal studies, especially those targeting
co-occurring psychiatric disorders―are discussed.
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Introduction

Cannabis use – the generic term we use throughout this article
for all non-medical prescription forms of hashish, marijuana
or synthetic cannabinoid consumption – is widespread in
European countries, as it is in the United States and other
Western civilizations such as Australia or Canada (Roncero
et al. 2015). Over the past 20 years, cultivation and plant-
breeding techniques have greatly increased the potency of
cannabis products. Thus, the modern cannabis smoker may
be exposed to doses ofΔ9-tetrahydrocannabinol (THC) many
times greater than his or her counterpart in the 1960s and
1970s (Ashton 2001). The consumed THC concentration
varies among different sources and preparations of cannabis.

Regular cannabis use is significantly associated with in-
creased health problems, e.g., respiratory symptoms, general
indisposition, or neurocognitive impairments (Hall and
Degenhardt 2014; Hoch et al. 2015). Furthermore, it is well
documented that cannabis use can increase psychosocial diffi-
culties such as academic underachievement and/or school drop-
out (Brook et al. 2008; Silins et al. 2014). Since most cannabis
users (CU) start consuming during adolescence or emerging
adulthood, impaired educational attainment plays an especially
critical role (Hall and Degenhardt 2014; Johns 2001). THC
users also increase their risk of developing psychotic symptoms
and disorders (Di Forti et al. 2007), especially if there is a family
history of these mental illnesses (Moore et al. 2007). In turn, a
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number of mental health disorders such as depression, anxiety,
schizophrenia, bipolar disorder and obsessive-compulsive dis-
order are associated with high rates of comorbid substance use
(Barnes et al. 2006; Saban et al. 2014, Scott et al. 2014). This
association appears to be independent of culture (Wu et al.
2013). Current statistics show that about one of ten chronic
CU develops a dependence syndrome (Budney et al. 2007;
Hall 2015). Dependency symptoms appear progressively and
treatment for cannabis dependence is complex (Danovitch and
Gorelick 2012). While loss of control over cannabis use and
continued cannabis use against better knowledge emerge earli-
er, self-reported withdrawal symptoms tend to emerge later and
for a much smaller proportion of users (Rosenberg and
Anthony 2001).

Cannabis and the Brain

The pharmacokinetics of cannabinoids are reviewed by
Agurell et al. (1986) and Khiabani and Mørland (2007).
Effects and adverse effects are versatile (Ashton 1999;
Maykut 1985), in fact, the use of cannabinoids has been ad-
vocated for several medical indications (Radbruch and Nauck
2003; Whiting et al. 2015). Cannabinoids exert their effect by
interaction with specific endogenous cannabinoid receptors,
discovered by Devane et al. (1988). Neuronal cannabinoid
receptors termed cannabinoid type 1 (CB1) receptor have been
found in high density both in animal and human cerebral cor-
tices, particularly for the frontal regions, i.e. in regions in-
volved in processing emotional inputs, rewarding stimuli,
habit formation, and higher cognitive functions (Herkenham
et al. 1990; Pertwee 2005). The response of cannabinoid recep-
tors to THC exposure varies depending on the brain area
(Romero et al. 1995). The impact of cannabis on high-density
CB1 areas (such the frontal lobe, hippocampal/temporal re-
gions, basal ganglia, and cingulate cortices) and on associated
cognitive functions (such as memory and attention) was already
observed in early cannabis research (Herkenham et al. 1990).

The endocannabinoid system appears to be functionally
linked to the extended dopamine reward pathway involving
the ventral tegmental area, nucleus accumbens, prefrontal cor-
tex (including the orbitofrontal and dorsolateral prefrontal cor-
tex), and anterior cingulate, viewed as central to the develop-
ment of addictive behavior (Volkow et al. 1996). With repeat-
ed dosage, high levels of cannabinoids accumulate in the body
and continue to reach the brain. Animal studies show revers-
ible downregulation of brain CB1 receptors after chronic ex-
posure to cannabis (Gonzalez et al. 2005; Sim-Selley 2003).
Once the adult cannabinoid receptor levels are reached, bind-
ing activity in the nervous system neither increases nor de-
clines during the normal aging process in rats (Belue et al.
1995). Animal research also indicates that brain regions that
are rich in cannabinoid receptors are more susceptible to the
effects of cannabis (Freedland et al. 2002; Pontieri et al. 1999;

Zimmer et al. 1999; Schneider 2008). The relative absence of
the cannabinoid receptors from brainstem nuclei may account
for the low toxicity of cannabinoids when given in overdose
(Iversen 2003). Frequently, the onset of THC consumption
occurs during adolescence and therefore, in a sensitive period
of brain maturing. The prefrontal brain cortex is one of the last
regions of maturation during adolescence (Gogtay et al. 2004;
Lenroot and Giedd 2006; Sowell et al. 2004a, b) and is one of
the densest CB1 parts of the human brain. Therefore, it is
likely to be particularly vulnerable to the early effects of heavy
marijuana exposure (Egerton et al. 2006; Horti and Van Laere
2008; Lubman et al. 2015; Lorenzetti et al. 2014, Quickfall
and Crockford 2006).

Research on Neurocognitive Effects of Cannabis use

Research on cannabis and neurocognitive impairments has
studied acute and persistent effects of cannabis use. Acute
effects of cannabis reported in studies occurred in diverse
areas such as general intellectual function, memory, abstrac-
tion ability, sustained attention, verbal fluency, and the ability
to learn and recall new verbal and visuospatial information
(for an overview see Ranganathan and D’Souza 2006;
Iversen 2005; Pope et al. 2001a, b; Earleywine 2002; Gruber
et al. 2011). Persistent effects of cannabis use have also been
widely studied. Table 1 provides an overview of 31 reviews
we found in the time period between 2004 and 2015 that had
their main focus on residual/long-term effects of cannabis use
on neurocognitive functioning. These reviews report impaired
performance on a variety of attention, memory (Solowij and
Battisti 2008) and executive function tasks (Wrege et al. 2014)
as well as alterations in blood flow and brain tissue density
(e.g., Yucel et al. 2007). They also point to a considerable
variability of findings (e.g., Crane et al. 2013). A possible link
between residual impairments and the duration and quantity of
cannabis use is frequently mentioned (e.g., Crean et al. 2011;
Hall 2015). Early age of onset is discussed as an especially
critical factor in the development of cannabis-related
neurocognitive impairments (e.g., Schweinsburg et al.
2008a; Lisdahl et al. 2013). In their systematic review,
Batalla et al. (2013) conclude that neuroimaging studies pro-
vide evidence of morphological brain alterations particularly
in the medial temporal and frontal cortices as well as in the
cerebellum both in adolescents and adults. Only few reviews
report evidence levels of studies or effect sizes. Throughmeta-
analytic research, Grant et al. (2003; 11 studies) found evi-
dence for deficits in learning (r= .104) and forgetting domains
(r= .134) but non-significant confidence intervals for other
neurocognitive domains. In a replication to this study
(Schreiner and Dunn 2012; 33 studies), a significant overall
effect of r= .144 is reported. Rocchetti et al. (2013; 14 studies)
observed alterations in structural imaging studies of r= .222
[r-transformations: these authors]. In sum, although evidence
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is building to suggest that cannabis use in adolescence is as-
sociated with cognitive and psychosocial and health impair-
ment (Rubino and Parolaro 2008; Lisdahl et al. 2014; Volkow
et al. 2014), the exact effects of long-term cannabis use on
cognitive performance as well as the magnitude or reversibil-
ity of possible effects remain unclear to date.

The Role of Abstinence Duration

Reviews on long-term effects typically do not make a clear
distinction between studies that explore effects of cannabis
use in barely abstinent CU (usually starting with a minimum
of 12 h of abstinence) and true sustained effects of cannabis,
which begin when clinical symptoms of the drug have worn
off, usually starting with 14 days (Budney et al. 2004).
Instead, these reviews include studies with rather heteroge-
neous abstinence durations ranging from several hours to
many months (see Table 1). Next to other limitations for re-
views such as heterogeneity of studies, assessment methods
and samples, this variability in abstinence might considerably
contribute to the inconsistency of findings mentioned above.
As Roten et al. (2015) stated: BCognitive performance in cer-
tain domains […] was significantly better in those with absti-
nence when compared to those who were not abstinent.
Results suggest an improvement in these cognitive perfor-
mance domains with abstinence from marijuana^ (p. 121).
While it is important to assess cognitive deficits associated
with each stage of abstinence, assessment during short-term
abstinence presents interpretive problems. Specifically, decre-
ments in functioning may be due to anything from alterations
in the brain, residues of the drug in the brain or the withdrawal
symptoms themselves. These symptoms typically appear dur-
ing the first 1–2 days after cessation of THC consumption and
return to baseline within 1–2 weeks (Budney et al. 2004;
Wiesbeck et al. 1996). For instance, Kouri and Pope (2000)
report that during this time, CU reported greater levels of
anxiety, irritability, negative mood, physical symptoms, and
decreased appetite. Most symptoms returned to baseline after
two weeks. Only few of the 31 reviews presented in Table 1
excluded studies with very short abstinence periods: Schreiner
and Dunn (2012) conducted a meta-analysis on the effects of
cannabis use after 25 days of abstinence and found no signif-
icant effect of cannabis use on global neurocognitive perfor-
mance or any effect on the eight assessed domains. However,
due to their choice of a protracted abstinence period (25 days),
they were only able to include 13 studies in their meta-analy-
sis. Van Holst and Schilt (2011) reviewed effects of cannabis
and other drugs after 14 days of abstinence but only included
three studies on cannabis in their review due to a limited time
scope (literature between 2005 and 2010). Earlier reports on
cognitive functioning in drug users with longer-term absti-
nence presented mixed findings (Bolla et al. 2002; Pope
et al. 2001a, b).T
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Objective

In this systematic review, we investigate the long-term effects
of cannabis use after a prolonged duration of abstinence (at
least 14 days), thus excluding possible effects resulting from
drug residues or withdrawal symptoms. We choose a 14 day
period to permit a larger data base than previous work along
this line (Schreiner and Dunn 2012; van Holst and Schilt
2011). Our research questions are the following:

1) What are the long-term effects of cannabis use on
neurocognitive functioning after a prolonged abstinence
period of at least 14 days?

2) What magnitude do long-term effects of cannabis use
have?

3) Does the early onset (EO) of cannabis use exacerbate
long-term effects of cannabis use?

To answer question 1), we report the effects of cannabis use
in the neurocognitive domains of attention, executive func-
tion, motor function, memory and learning, and visual spatial.
We also report results in the areas of functional imaging/EEG
and structural imaging. To answer question 2), we provide
additional meta-analytic information on effect sizes. To an-
swer question 3), we report our findings for a selected EO
sample within the domains mentioned in 1), and consider
the role of EO separately within the discussion section.

Even though no formal review protocol exists, the proce-
dures of our systematic review are guided by the PRISMA
statement (Moher et al. 2009).

Methods

Search Strategy

Electronic searches were performed using EMBASE, Ovid
MEDLINER, PsycInfo, PSYNDEXplus Literature and
Audiovisual Media as well as PSYNDEXplus Tests data-
bases. Search terms used were cannabi* or THC or marijuana
or marihuana AND neuro* or cognit* or assess* or abilit* or
affect* or process* or function* or impair* AND residual or
long-term or abstinen* or abstain* or lasting or non-acute or
non-intox* or persist*. In addition, we did reference
searching, and reviewed book chapters on substance abuse
neuroimaging. We focused on literature published between
2004 and 2015 (a comprehensive overview about the research
of cannabis and neurocognitive impairments from 1960s to
2004 can be found in Verdejo-Garcia et al. 2004), thus cover-
ing more than ten years of research. Only clinical trials with
human subjects were included. This search yielded a total of
1038 studies after removal of duplicates. The title and the
abstract of these studies were reviewed by two independent

reviewers (FG and SK) for relevance. We included studies
only on subjects with regular consumption of cannabis or
marijuana. To rule out acute intoxication effects, only studies
with a period of at least 14 days of abstinence were included.
We excluded studies on subjects with a history of chronic
medical and neurological illness or severe psychiatric disor-
ders (like schizophrenia or mania), or with a diagnosis of
additional substance use disorders (alcohol, opioids, amphet-
amines) defined in ICD-10 or DSM-IV as addiction (without
nicotine dependence). We also excluded animal studies, case
reports, expertises, commentaries, and books. Discrepancies
were resolved in discussion. At the end of this process, a total
of 38 studies fulfilled all of the abovementioned criteria and
were included in this review.

Evidence Level

One of the authors (SB) supervised two trained University
students in their 5th term who graded the evidence-level of
studies according to the Scottish Intercollegiate Guidelines
Network (SIGN) methodology (Harbour and Miller 2001;
Baker et al. 2010). Differences were resolved in discussion.
Since none of the studies at hand were RCTs, but all studies
included control groups and were well-designed, study quality
was comparatively similar, for instance with regard to sample
size or blinding. Thus, all studies either received grades 2++
or 2+ within level 2 of the SIGN methodology,1 depending on
whether they had a matched or an un-matched control group.
Table 2 provides an overview on study participants and meth-
odology, neurocognitive domain and evidence levels of the
studies included in this review. Studies were classified as EO
studies if subjects started using cannabis before the age of 18.

Additional Meta-Analytic Information

Effect sizes (ES) were computed in terms of (unweighted)
correlations r using Fisher’s Z-transformation (Cohen 1988;
Rosenthal and DiMatteo 2001).2 To that end, statistical param-
eters reported (F, t, d, etc.) were converted in correlations r.
For these and other meta-analytic computations,
Psychometrica software was employed (Lenhard and
Lenhard 2015; www.psychometrica.de), furthermore IBM
SPSS Statistics 22 (www.ibm.com). For multiple effects
studies, one mean r was computed, for zero effect studies,
r = .00 was applied by definition, and thus, all zero

1 2++= Bhigh quality systematic reviews of case control or cohort studies,
high quality case control or cohort studies with a very low risk of con-
founding or bias and a high probability that the relationship is causal^

2+= Bwell conducted case control or cohort studies with a low risk
of confounding or bias and a moderate probability that the relationship is
causal^ (Baker et al. 2010, p. 359)
2 By convention, effects of r = .10 to .29 count as small, effects of r = .30
to 0.49 as medium and effects of r = 0.50 or more as large (Cohen 1988).
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correlations were included in computations. This could only
be done in studies supplying adequate data. Marginal effects
(p≤ .10) were also included (Chang et al. 2006; Pujol et al.
2014; Schweinsburg et al. 2010; Sevy et al. 2008; Verdejo-
Garcia et al. 2007) following the reasoning of Grant et al.
(2003, p. 683) in Bthat in investigating the potential toxic
effects of a substance such as cannabis, it [is] important to
be more ‘permissive’ rather than ‘conservative’.^ Via hetero-
geneity statistic Q and index I2 we assessed whether the
pooled effect sizes of study results measure the same under-
lying population effect in specific domains and in total
(Rosenthal and DiMatteo 2001). Cochrane’s Q, a widely used
statistic, is impacted by sample size. Therefore, it is completed
by I2, which is not (Huedo-Medina et al. 2006).

Results

Of the 38 studies reviewed here, nine studies or 24 %were rated
with evidence level 2++, while the others received evidence level
2+. This renders the studies fairly comparable with regard to
study quality. Study characteristics, however, proved to be het-
erogeneous with regard to sample size, age, gender ratio, subject
acquisition, comorbidities, other substance use, abstinence dura-
tion, quantity or frequency of consumption and test methods (see
Table 2). Twenty-nine studies were rated as having an adoles-
cent, 22 as having an EO study sample. Table 3 provides an
overview over main results within five neurocognitive domains.
Twenty-four zero effects out of 13 performance studies (Ashtari
et al. 2011; De Bellis et al. 2013; Eldreth et al. 2004; Hooper
et al. 2014; Jacobus et al. 2012, 2014; Lyons et al. 2004; Medina
et al. 2010; Padula et al. 2007; Schweinsburg et al. 2008b;
Schweinsburg et al. 2010; Schweinsburg et al. 2011; Winward
et al. 2014) and 2 zero effects out of 2 imaging studies (Hirvonen
et al. 2012; Jacobus et al. 2012) were found. All of them were
included in further computations. As detailed in Tables 4 and 5
for studies providing sufficient data, neurocognitive performance
(I2=55.9 %) and functional and structural imaging studies
(I2=62.5 %) are both of similar medium heterogeneity. Their
ES (rmean= .305 resp. rmean= .446) differ only by a small ES
according to Cohen’s q= .165. In all, impairment ES in CU
relative to non-using controls (NC) could be overall qualified
as medium to large from both perspectives, and a pooled overall
ES would be rmean= .378 (CI 95 %=[.342; .453]).

Attention

Ten studies examined differences in attention between CU and
a group of NC, five of them found impairments in CU.
Quantifiable data (n=10 studies) rendered an overall medium
ES of r= .273 (CI 95 %= [.109; .423]). Most of the reviewed
studies provide evidence for some attention and concentration
deficits in CU even after a time of abstinence. In a study byT

ab
le
2

(c
on
tin

ue
d)

St
ud
y

C
an
na
bi
s
us
e

M
et
ho
do
lo
gy

35
no

3
te
st
po
in
ts
:b

as
el
in
e,

7,
28

da
ys

FI
cr
os
s
se
ct
io
na
l

ye
s
(o
nl
y
L
C
U
)

D
yn
am

ic
su
sc
ep
tib

ili
ty

co
nt
ra
st
M
R
I
(D

SC
M
R
I)

ch
an
ge
s
in

re
gi
on
al
bl
oo
d
vo
lu
m
e

in
th
e
fr
on
ta
la
nd

te
m
po
ra
ll
ob
e,

an
d
th
e
ce
re
be
llu
m

2+

36
ye
s

m
in
.2
8
da
ys
;5

8.
4
±

52
.8
da
ys

FI
,E

cr
os
s
se
ct
io
na
l

ye
s

fM
R
I
B
O
L
D

in
hi
bi
to
ry

pr
oc
es
si
ng

go
/n
o-
go

ta
sk

2+

37
no

m
in

25
da
ys

E
re
pe
at
ed

m
ea
su
re
s,

tw
o
te
st
po
in
ts
on

on
e
da
y

ye
s

Io
w
a
G
am

bl
in
g
Ta
sk

(I
G
T
)

de
ci
si
on
-m

ak
in
g
an
d
ri
sk

ta
ki
ng

2+

38
ye
s

35
.0
5
da
ys

(1
1.
90
)

E
,M

L
,V

S,
A
,M

cr
os
s
se
ct
io
na
l

ye
s

ne
ur
op
sy
ch
ol
og
ic
al
te
st
ba
tte
ry

ex
ec
ut
iv
e
fu
nc
tio

ni
ng
,a
tte
nt
io
n,

m
em

or
y
an
d
m
ot
or

sk
ill
s,

w
or
ki
ng

m
em

or
y,
la
ng
ua
ge
,v
is
uo
sp
at
ia
l

co
ns
tr
uc
tio

n

2+
+

E
vi
de
nc
e
L
ev
el
2+

+
=
Bh
ig
h
qu
al
ity

sy
st
em

at
ic
re
vi
ew

s
of
ca
se

co
nt
ro
lo
rc
oh
or
ts
tu
di
es
,h
ig
h
qu
al
ity

ca
se
co
nt
ro
lo
rc
oh
or
ts
tu
di
es
w
ith

a
ve
ry
lo
w
ri
sk

of
co
nf
ou
nd
in
g
or
bi
as

an
d
a
hi
gh

pr
ob
ab
ili
ty
th
at
th
e

re
la
tio

ns
hi
p
is
ca
us
al
^
2+

=
Bw

el
lc
on
du
ct
ed

ca
se

co
nt
ro
lo

r
co
ho
rt
st
ud
ie
s
w
ith

a
lo
w
ri
sk

of
co
nf
ou
nd
in
g
or

bi
as

an
d
a
m
od
er
at
e
pr
ob
ab
ili
ty

th
at
th
e
re
la
tio

ns
hi
p
is
ca
us
al
^

A
A
tte
nt
io
n,

E
E
xe
cu
tiv

e
fu
nc
tio

ns
,M

M
ot
or

fu
nc
tio

n,
M
L
M
em

or
y
an
d
L
ea
rn
in
g,

V
S
V
is
ua
l
S
pa
tia
l,
F
I
Fu

nc
tio

na
li
m
ag
in
g,

SI
S
tr
uc
tu
ra
l
Im

ag
in
g,

C
U
C
an
na
bi
s
U
se
rs
,N

C
N
on
-u
si
ng

C
on
tr
ol
s,
L
C
U

L
on
g-
te
rm

C
an
na
bi
s
U
se
rs
,F

C
U
Fo

rm
er
C
an
na
bi
s
U
se
rs
,O

C
U
O
cc
as
io
na
lC

an
na
bi
s
U
se
rs
,C

U
(l
)L

ig
ht
C
an
na
bi
s
U
se
rs
,C

U
(m

)M
od
er
at
e
C
an
na
bi
s
U
se
rs
,C

U
(h
)
H
ea
vy

C
an
na
bi
s
U
se
rs
,C

U
(r
)
R
ec
en
t

C
an
na
bi
s
U
se
rs
,E

U
E
cs
ta
sy

U
se
rs
,F

E
U
F
or
m
er
E
cs
ta
sy

U
se
rs
,O

M
U
O
cc
as
io
na
lM

D
M
A
U
se
rs
,P

SY
C
C
on
tr
ol
s
w
ith

Ps
yc
ho
pa
th
ol
og
y
bu
tw

ith
ou
tS

ub
st
an
ce

U
se

D
is
or
de
rH

is
to
ry
,S
U
S
ub
st
an
ce

U
se
rs
,

T
U
To

ba
cc
o
U
se
rs
,B

D
B
in
ge

D
ri
nk
er
s,
M
D
M
oo
d
D
is
or
de
r,
A
A
A
lc
oh
ol
A
bu
se
,A

O
A
ge

of
on
se
t,
d/
30
d
N
um

be
r
of

da
ys

of
su
bs
ta
nc
e
us
e
in
th
e
la
st
30

da
ys
,L

T
L
if
et
im

e,
C
C
U
C
oc
ai
ne

U
se
rs
,C

U
+
A
A

A
lc
oh
ol

an
d
ca
nn
ab
is
A
bu
se
rs
,n
/a

no
ta

va
ila

bl
e

Neuropsychol Rev (2016) 26:186–222 203



T
ab

le
3

C
lin

ic
al
S
tu
di
es

–
m
ai
n
fi
nd
in
gs

Y
ea
r

A
ut
ho
rs

D
om

ai
n

E
vi
de
nc
e
L
ev
el

M
ai
n
Fi
nd
in
gs

E
ar
ly

O
ns
et
(E
O
)

(1
=
ye
s;
0
=
no
)

D
if
fe
re
nc
es

C
U
/N
C
?

E
ff
ec
tS

iz
es

(r
or

m
ea
n
r)

A
T
T
E
N
T
IO

N
20
13

B
os
ke
r
W
M
,K

ar
sc
hn
er

E
L
,L

ee
D
,

G
oo
dw

in
R
S,

H
ir
vo
ne
n
J,
In
ni
s
R
B
,

T
he
un
is
se
n
E
L
,K

uy
pe
rs
K
P,
H
ue
st
is

M
A
,R

am
ae
ke
rs
JG

A
2+

im
pa
ir
ed

pe
rf
or
m
an
ce

fo
r
di
vi
de
d

at
te
nt
io
n
at
ba
se
lin
e,
no
tf
ul
ly

re
co
ve
re
d
af
te
r
3
w
ee
ks

0
C
U
w
or
se

.3
03

20
06

C
ha
ng

L
,Y

ak
up
ov

R
,C

lo
ak

C
,E

rn
st
T

A
2+

im
pa
ir
ed

on
at
te
nt
io
n
su
bt
es
t(
re
sp
on
se

re
ve
rs
al
/v
is
ua
ls
ca
nn
in
g)

1
C
U
w
or
se

.1
83

20
10

H
an
so
n
K
L
,W

in
w
ar
d
JL
,

Sc
hw

ei
ns
bu
rg

A
D
,M

ed
in
a
K
L
,

B
ro
w
n
SA

,T
ap
er
tS

F

A
2+

at
te
nt
io
n
pr
oc
es
si
ng

sp
ee
d
si
m
ila
r

be
tw
ee
n
gr
ou
ps

of
us
er
s
an
d
no
n-

us
er
s;
bu
ta
tte
nt
io
n
ac
cu
ra
cy

im
pa
ir
m
en
ts

1
C
U
w
or
se

.3
81

20
04

Ja
co
bs
en

L
K
,M

en
cl
W
E
,W

es
te
rv
el
d

M
,P

ug
h
K
R

A
2+

im
pa
ir
ed

at
te
nt
io
n
in

a
se
le
ct
iv
e
at
te
nt
io
n

ta
sk

1
C
U
w
or
se

.6
19

20
12

Ja
co
bu
s
J,
G
ol
de
nb
er
g
D
,W

ie
re
ng
a
C
E
,

To
le
nt
in
o
N
J,
L
iu

T
T,

Ta
pe
rt
SF

A
2+

no
di
ff
er
en
ce
s
in
at
te
nt
io
n
an
d
pr
oc
es
si
ng

sp
ee
d

1
no

0.
00

20
04

Ly
on
s
M
J,
B
ar

JL
,P

an
iz
zo
n
M
S,

To
om

ey
R
,E

is
en

S,
X
ia
n
H
,T

su
an
g

M
T

A
2+

+
no

di
ff
er
en
ce
s
in

at
te
nt
io
n

0
no

0.
00

20
07
a

M
ed
in
a
K
L
,H

an
so
n
K
L
,S

ch
w
ei
ns
bu
rg

A
D
,C

oh
en
-Z
io
n
M
,N

ag
el
B
J,

Ta
pe
rt
SF

A
2+

po
or
er

co
m
pl
ex

at
te
nt
io
n
re
su
lts

0
C
U
w
or
se

.4
60

20
14

Ja
co
bu
s
J,
Sq

ue
gl
ia
L
M
,S

or
g
SS

,
N
gu
ye
n-
L
ou
ie
T
T,

Ta
pe
rt
SF

A
2+

+
bo
th

C
U
an
d
N
C
im

pr
ov
e
co
m
pl
ex

at
te
nt
io
n
ov
er

tim
e,
bu
tn

o
gr
ou
p

di
ff
er
en
ce
s

1
no

0.
00

20
14

W
in
w
ar
d
JL
,H

an
so
n
K
L
,T

ap
er
tS

F,
B
ro
w
n
SA

A
2+

+
no

di
ff
er
en
ce
s
in

at
te
nt
io
n

0
no

0.
00

20
14

H
oo
pe
r
SR

,W
oo
lle
y
D
W
,D

e
B
el
lis

M
D

A
2+

no
gr
ou
p
di
ff
er
en
ce
s
in

at
te
nt
io
n

0
no

0.
00

E
X
E
C
U
T
IV

E
FU

N
C
T
IO

N
S

20
05

B
ol
la
K
I,
E
ld
re
th

D
A
,M

at
oc
hi
k
JA

,
C
ad
et
JL

E
2+

+
lo
w
er

de
ci
si
on
-m

ak
in
g
ta
sk

pe
rf
or
m
an
ce

0
C
U
w
or
se

.5
91

20
06

C
ha
ng

L
,Y

ak
up
ov

R
,C

lo
ak

C
,E

rn
st
T

E
2+

sl
ow

er
re
ac
tio

n
tim

es
on

a
ch
oi
ce

re
ac
tio
n

ta
sk

1
C
U
w
or
se

.2
04

20
09

C
la
rk

L
,R

oi
se
r
JP
,R

ob
bi
ns

T
W
,

Sa
ha
ki
an

B
J

E
2+

in
cr
ea
se
d
re
fl
ec
tio

n
im

pu
ls
iv
ity

an
d

re
du
ce
d
in
fo
rm

at
io
n
sa
m
pl
in
g

0
C
U
w
or
se

.3
75

20
13

D
e
B
el
lis

M
D
,W

an
g
L
,B

er
gm

an
SR

,
Y
ax
le
y
R
H
,H

oo
pe
r
SR

,H
ue
tte
lS

A
E

2+
si
m
ila
r
pe
rf
or
m
an
ce

on
de
ci
si
on

m
ak
in
g

1
no

0.
00

20
04

E
ld
re
th

D
A
,M

at
oc
hi
k
JA

,C
ad
et
JL
,

B
ol
la
K
I

E
2+

+
no

di
ff
er
en
ce

in
ex
ec
ut
iv
e
fu
nc
tio
n

0
no

0.
00

20
10

Fe
rn
án
de
z-
Se
rr
an
o
M
J,
P
ér
ez
-G

ar
cí
a

M
,S

ch
m
id
tR

ío
-V
al
le
J,
V
er
de
jo
-

G
ar
cí
a
A

E
2+

po
or
er

pe
rf
or
m
an
ce

in
th
e
ar
ea
s
of

fl
ue
nc
y,
se
lf
-r
eg
ul
at
io
n,
w
or
ki
ng

m
em

or
y
an
d
re
as
on
in
g

0
C
U
w
or
se

.2
65

20
12

Ja
co
bu
s
J,
G
ol
de
nb
er
g
D
,W

ie
re
ng
a
C
E
,

To
le
nt
in
o
N
J,
L
iu

T
T,

Ta
pe
rt
SF

E
2+

de
cr
ea
se
d
pe
rf
or
m
an
ce

on
ve
rb
al
le
ar
ni
ng

an
d
re
ca
ll

1
C
U
w
or
se

.2
40

20
04

Ly
on
s
M
J,
B
ar

JL
,P

an
iz
zo
n
M
S,

To
om

ey
R
,E

is
en

S,
X
ia
n
H
,T

su
an
g

M
T

E
2+

+
no

di
ff
er
en
ce
s
in

ex
ec
ut
iv
e
fu
nc
tio
ni
ng

0
no

0.
00

20
07
a

M
ed
in
a
K
L
,H

an
so
n
K
L
,S

ch
w
ei
ns
bu
rg

A
D
,C

oh
en
-Z
io
n
M
,N

ag
el
B
J,

Ta
pe
rt
SF

E
2+

de
fi
ci
ts
in

pl
an
ni
ng

an
d
se
qu
en
ci
ng

ab
ili
ty

0
C
U
w
or
se

n/
a

20
09

M
ed
in
a
K
L
,M

cQ
ue
en
y
T,

N
ag
el
B
J,

H
an
so
n
K
L
,Y

an
g
T
T,

Ta
pe
rt
SF

E
2+

am
on
g
C
U
,s
m
al
le
r
pr
ef
ro
nt
al
co
rt
ex

vo
lu
m
e
w
as

as
so
ci
at
ed

w
ith

be
tte
r

ex
ec
ut
iv
e
fu
nc
tio

ni
ng
,o
pp
os
ite

pa
tte
rn

in
N
C

1
in
te
ra
ct
io
n
w
ith

pr
ef
ro
nt
al

co
rt
ex

vo
lu
m
e

.3
13

20
10

M
ed
in
a
K
L
,N

ag
el
B
J,
Ta
pe
rt
SF

E
2+

no
di
ff
er
en
ce

in
co
m
po
si
te
va
ri
ab
le
s
of

ex
ec
ut
iv
e
fu
nc
tio

ni
ng

1
no

0.
00

20
07

E
2+

ve
rb
al
fl
ue
nc
y
im

pa
ir
ed

1
C
U
w
or
se

n/
a

204 Neuropsychol Rev (2016) 26:186–222



T
ab

le
3

(c
on
tin

ue
d)

Y
ea
r

A
ut
ho
rs

D
om

ai
n

E
vi
de
nc
e
L
ev
el

M
ai
n
Fi
nd
in
gs

E
ar
ly

O
ns
et
(E
O
)

(1
=
ye
s;
0
=
no
)

D
if
fe
re
nc
es

C
U
/N
C
?

E
ff
ec
tS

iz
es

(r
or

m
ea
n
r)

Ta
pe
rt
SF

,S
ch
w
ei
ns
bu
rg

A
D
,

D
ru
m
m
on
d
SP
,P

au
lu
s
M
P,
B
ro
w
n

SA
,Y

an
g
T
T,

Fr
an
k
L
R

20
07

V
er
de
jo
-G

ar
ci
a
A
,B

en
br
oo
k
A
,

Fu
nd
er
bu
rk

F,
D
av
id

P,
C
ad
et
JL
,

B
ol
la
K
I

E
2+

w
or
se

de
ci
si
on

m
ak
in
g
pe
rf
or
m
an
ce

0
C
U
w
or
se

.4
54

20
14

Ja
co
bu
s
J,
Sq

ue
gl
ia
L
M
,S

or
g
SS

,
N
gu
ye
n-
L
ou
ie
T
T,

Ta
pe
rt
SF

E
2+

+
bo
th

C
U
an
d
N
C
im

pr
ov
e
ex
ec
ut
iv
e

fu
nc
tio

ns
ov
er

tim
e,
bu
tn

o
gr
ou
p

di
ff
er
en
ce
s

1
no

0.
00

20
14

W
in
w
ar
d
JL
,H

an
so
n
K
L
,T

ap
er
tS

F,
B
ro
w
n
SA

E
2+

+
C
U
w
or
se

th
an

N
C
in
su
bt
es
tt
ra
il
m
ak
in
g

0
C
U
w
or
se

.3
84

20
14

H
oo
pe
r
SR

,W
oo
lle
y
D
W
,D

e
B
el
lis

M
D

E
2+

no
gr
ou
p
di
ff
er
en
ce
s
in

ex
ec
ut
iv
e
te
st
s

0
no

0.
00

M
O
T
O
R
FU

N
C
T
IO

N
20
13

B
os
ke
r
W
M
,K

ar
sc
hn
er

E
L
,L

ee
D
,

G
oo
dw

in
R
S,

H
ir
vo
ne
n
J,
In
ni
s
R
B
,

T
he
un
is
se
n
E
L
,K

uy
pe
rs
K
P,
H
ue
st
is

M
A
,R

am
ae
ke
rs
JG

M
2+

im
pa
ir
ed

ps
yc
ho
m
ot
or

pe
rf
or
m
an
ce

0
C
U
w
or
se

.4
02

20
07
a

M
ed
in
a
K
L
,H

an
so
n
K
L
,S

ch
w
ei
ns
bu
rg

A
D
,C

oh
en
-Z
io
n
M
,N

ag
el
B
J,

Ta
pe
rt
SF

M
2+

sl
ow

er
ps
yc
ho
m
ot
or

sp
ee
d

0
C
U
w
or
se

n/
a

20
10

M
ed
in
a
K
L
,N

ag
el
B
J,
Ta
pe
rt
SF

M
2+

no
di
ff
er
en
ce
s
in

co
m
po
si
te
va
ri
ab
le
of

ps
yc
ho
m
ot
or

sp
ee
d

1
no

0.
00

20
08

Pi
lla
y
SS

,R
og
ow

sk
a
J,
K
an
ay
am

a
G
,

G
ru
be
r
S,

Si
m
ps
on

N
,P

op
e
H
G
,

Y
ur
ge
lu
n-
To

dd
D
A

M
2+

w
or
se

pe
rf
or
m
an
ce

in
fi
ng
er
-t
ap
pi
ng

ta
sk
s

0
C
U
w
or
se

.5
15

20
14

W
in
w
ar
d
JL
,H

an
so
n
K
L
,T

ap
er
tS

F,
B
ro
w
n
SA

M
2+

+
w
or
se

ps
yc
ho
m
ot
or

sp
ee
d
re
su
lts

in
su
bt
es
t

0
C
U
w
or
se

.3
27

M
E
M
O
R
Y
A
N
D
L
E
A
R
N
IN

G
20
11

A
sh
ta
ri
M
,A

va
nt
s
B
,C

yc
ko
w
sk
iL

,
C
er
ve
lli
on
e
K
L
,R

oo
fe
h
D
,C

oo
k
P,

G
ee

J,
Se
vy

S,
K
um

ra
S

M
L

2+
+

no
di
ff
er
en
ce

in
pe
rf
or
m
an
ce

on
m
em

or
y

te
st
s

1
no

0.
00

20
06

C
ha
ng

L
,Y

ak
up
ov

R
,C

lo
ak

C
,E

rn
st
T

M
L

2+
no

di
ff
er
en
ce

in
vi
su
al
m
em

or
y
ta
sk

1
no

n/
a

20
10

H
an
so
n
K
L
,W

in
w
ar
d
JL
,

Sc
hw

ei
ns
bu
rg

A
D
,M

ed
in
a
K
L
,

B
ro
w
n
SA

,T
ap
er
tS

F

M
L

2+
po
or
er

ve
rb
al
le
ar
ni
ng
,v
er
ba
lw

or
ki
ng

m
em

or
y

1
C
U
w
or
se

.3
92

20
04

Ja
co
bs
en

L
K
,M

en
cl
W
E
,W

es
te
rv
el
d

M
,P

ug
h
K
R

M
L

2+
w
or
se

pe
rf
or
m
an
ce

on
w
or
ki
ng

m
em

or
y

ta
sk

1
C
U
w
or
se

.6
57

20
07

Ja
co
bs
en

L
K
,P

ug
h
K
R
,C

on
st
ab
le
R
T,

W
es
te
rv
el
d
M
,M

en
cl
W
E

M
L

2+
po
or
er

ve
rb
al
de
la
ye
d
re
ca
ll,

pe
rs
is
te
nt

de
fi
ci
ts
in

ve
rb
al
w
or
ki
ng

m
em

or
y

un
de
r
hi
gh

w
or
ki
ng

m
em

or
y
lo
ad

1
C
U
w
or
se

.3
45

20
12

Ja
co
bu
s
J,
G
ol
de
nb
er
g
D
,W

ie
re
ng
a
C
E
,

To
le
nt
in
o
N
J,
L
iu

T
T,

Ta
pe
rt
SF

M
L

2+
no

di
ff
er
en
ce
s
in

ve
rb
al
le
ar
ni
ng

te
st

1
no

0.
00

20
04

Ly
on
s
M
J,
B
ar

JL
,P

an
iz
zo
n
M
S,

To
om

ey
R
,E

is
en

S,
X
ia
n
H
,T

su
an
g

M
T

M
L

2+
+

no
di
ff
er
en
ce
s
in

m
em

or
y
fu
nc
tio
n

0
no

0.
00

20
10

M
ah
m
oo
d
O
M
,J
ac
ob
us

J,
B
av
a
S,

Sc
ar
le
tt
A
,T

ap
er
tS

F
M
L

2+
+

gr
ea
te
r
al
co
ho
lh

an
go
ve
r
sy
m
pt
om

s
pr
ed
ic
te
d
w
or
se

ve
rb
al
le
ar
ni
ng

an
d

m
em

or
y
sc
or
es

fo
r
N
C
,b
ut
no
tf
or

C
U

1
in
te
ra
ct
io
n
w
ith

bi
ng
e

dr
in
ki
ng

.0
99

20
07
a

M
ed
in
a
K
L
,H

an
so
n
K
L
,S

ch
w
ei
ns
bu
rg

A
D
,C

oh
en
-Z
io
n
M
,N

ag
el
B
J,

Ta
pe
rt
SF

M
L

2+
po
or
er

st
or
y
m
em

or
y

0
C
U
w
or
se

.4
10

20
07

Pa
du
la
C
B
,S

ch
w
ei
ns
bu
rg

A
D
,T

ap
er
t

SF
M
L

2+
no

di
ff
er
en
ce

on
be
ha
vi
or
al
m
ea
su
re
s
of

ta
sk

pe
rf
or
m
an
ce

1
no

0.
00

20
14

Pu
jo
lJ
,B

la
nc
o-
H
in
oj
o
L
,B

at
al
la
A
,

L
óp
ez
-S
ol
à
M
,H

ar
ri
so
n
B
J,
So

ri
an
o-

M
as

C
,C

ri
pp
a
JA

,F
ag
un
do

A
B
,

M
L

2+
hi
gh
er

an
xi
et
y
sc
or
es
,r
ed
uc
ed

ve
rb
al

m
em

or
y
sp
an

an
d
de
la
ye
d
re
ca
ll,

an
d

in
cr
ea
se
d
fo
rg
et
tin

g
ra
te

1
C
U
w
or
se

.2
97

Neuropsychol Rev (2016) 26:186–222 205



T
ab

le
3

(c
on
tin

ue
d)

Y
ea
r

A
ut
ho
rs

D
om

ai
n

E
vi
de
nc
e
L
ev
el

M
ai
n
Fi
nd
in
gs

E
ar
ly

O
ns
et
(E
O
)

(1
=
ye
s;
0
=
no
)

D
if
fe
re
nc
es

C
U
/N
C
?

E
ff
ec
tS

iz
es

(r
or

m
ea
n
r)

D
eu
s
J,
de

la
To

rr
e
R
,N

og
ué

S,
Fa
rr
é

M
,T

or
re
ns

M
,M

ar
tín
-S
an
to
s
R

20
08
b

Sc
hw

ei
ns
bu
rg

A
D
,N

ag
el
B
J,

Sc
hw

ei
ns
bu
rg

B
C
,P

ar
k
A
,

T
he
ilm

an
n
R
J,
Ta
pe
rt
SF

M
L

2+
+

no
di
ff
er
en
ce

on
sp
at
ia
lw

or
ki
ng

m
em

or
y

ta
sk

1
no

0.
00

20
11

Sc
hw

ei
ns
bu
rg

A
D
,S

ch
w
ei
ns
bu
rg

B
C
,

N
ag
el
B
J,
E
yl
er

LT
,T

ap
er
tS

F
M
L

2+
no

di
ff
er
en
ce
s
in
pe
rf
or
m
an
ce

on
a
te
st
in
g

ve
rb
al
pa
ir
ed

as
so
ci
at
es

en
co
di
ng

ta
sk

1
no

0.
00

20
14

Ja
co
bu
s
J,
Sq

ue
gl
ia
L
M
,S

or
g
SS

,
N
gu
ye
n-
L
ou
ie
T
T,

Ta
pe
rt
SF

M
L

2+
+

bo
th

C
U
an
d
N
C
im

pr
ov
e
m
em

or
y

fu
nc
tio

ns
ov
er

tim
e,
bu
tn

o
gr
ou
p

di
ff
er
en
ce
s

1
no

0.
00

20
14

W
in
w
ar
d
JL
,H

an
so
n
K
L
,T

ap
er
tS

F,
B
ro
w
n
SA

M
L

2+
+

C
U
in
on
e
su
bt
es
tw

or
se

de
la
y
cu
ed

re
ca
ll

0
C
U
w
or
se

0.
28
4

20
14

H
oo
pe
r
SR

,W
oo
lle
y
D
W
,D

e
B
el
lis

M
D

M
L

2+
no

gr
ou
p
di
ff
er
en
ce
s
in

m
em

or
y
te
st
s

0
no

0.
00

V
IS
U
A
L
SP

A
T
IA

L
20
07
a

M
ed
in
a
K
L
,H

an
so
n
K
L
,S

ch
w
ei
ns
bu
rg

A
D
,C

oh
en
-Z
io
n
M
,N

ag
el
B
J,

Ta
pe
rt
SF

V
S

2+
C
U
pe
rf
or
m
ed

be
tte
r
on

vi
su
o-

co
ns
tr
uc
tio
n
th
an

N
C

0
C
U
be
tte
r

n/
a

20
10

Sc
hw

ei
ns
bu
rg

A
D
,S

ch
w
ei
ns
bu
rg

B
C
,

M
ed
in
a
K
L
,M

cQ
ue
en
y
T,

B
ro
w
n

SA
,T

ap
er
tS

F

V
S

2+
+

eq
ui
va
le
nt

sp
at
ia
lw

or
ki
ng

m
em

or
y

pe
rf
or
m
an
ce
,n
o
di
ff
er
en
ce

in
vi
gi
la
nc
e
re
ac
tio

n
tim

e
be
tw
ee
n
gr
ou
ps

1
no

0.
00

20
14

Ja
co
bu
s
J,
Sq

ue
gl
ia
L
M
,S

or
g
SS

,
N
gu
ye
n-
L
ou
ie
T
T,

Ta
pe
rt
SF

V
S

2+
+

gr
ou
p
x
tim

e
in
te
ra
ct
io
n
fo
r
vi
su
al
sp
at
ia
l

su
bt
es
t,
no

im
pr
ov
em

en
tf
or

C
U

1
C
U
w
or
se

.2
92

20
14

W
in
w
ar
d
JL
,H

an
so
n
K
L
,T

ap
er
tS

F,
B
ro
w
n
SA

V
S

2+
+

no
di
ff
er
en
ce
s
be
tw
ee
n
C
U
an
d
N
C

0
no

0.
00

F
U
N
C
T
IO

N
A
L
IM

A
G
IN

G
20
09

A
sh
ta
ri
M
,C

er
ve
lli
on
e
K
,C

ot
to
ne

J,
A
rd
ek
an
iB

A
,S

ev
y
S,

K
um

ra
S

FI
2+

C
U
ha
d
re
du
ce
d
fr
ac
tio

na
la
ni
so
tr
op
y,

in
cr
ea
se
d
ra
di
al
di
ff
us
iv
ity

an
d

in
cr
ea
se
d
tr
ac
e
in

fr
on
to
-t
em

po
ra
l

ar
ea
s
vi
a
ar
cu
at
e
fa
sc
ic
ul
us

1
ye
s

.4
22

20
05

B
ol
la
K
I,
E
ld
re
th

D
A
,M

at
oc
hi
k
JA

,
C
ad
et
JL

FI
2+

+
C
U
sh
ow

ed
gr
ea
te
r
ac
tiv

at
io
n
in

th
e
le
ft

ce
re
be
llu

m
an
d
le
ss

ac
tiv
at
io
n
in

th
e

ri
gh
tl
at
er
al
or
bi
to
fr
on
ta
lc
or
te
x
an
d
th
e

ri
gh
td
or
so
la
te
ra
lp
re
fr
on
ta
lc
or
te
x
th
an

N
C

0
ye
s

n/
a

20
06

C
ha
ng

L
,Y

ak
up
ov

R
,C

lo
ak

C
,E

rn
st
T

FI
2+

C
U
sh
ow

ed
de
cr
ea
se
d
ac
tiv
at
io
n
in

th
e

ri
gh
tp

re
fr
on
ta
l,
m
ed
ia
la
nd

do
rs
al

pa
ri
et
al
an
d
m
ed
ia
lc
er
eb
el
la
r
re
gi
on
s,

bu
tg

re
at
er

ac
tiv
at
io
n
in

va
ri
ou
s

fr
on
ta
l,
pa
ri
et
al
an
d
oc
ci
pi
ta
lb

ra
in

re
gi
on
s
du
ri
ng

th
e
vi
su
al
-a
tte
nt
io
n

ta
sk
s

1
ye
s

n/
a

20
13

D
e
B
el
lis

M
D
,W

an
g
L
,B

er
gm

an
SR

,
Y
ax
le
y
R
H
,H

oo
pe
r
SR

,H
ue
tte
lS

A
FI

2+
C
U
de
m
on
st
ra
te
d
di
st
in
ct
ly

di
ff
er
en
t

ac
tiv

at
io
n
pa
tte
rn
s
du
ri
ng

ri
sk
y

de
ci
si
on
-m

ak
in
g
an
d
re
w
ar
d

pr
oc
es
si
ng
,e
sp
.l
ef
to

rb
ito

fr
on
ta
l

co
rt
ex

co
m
pa
re
d
to

N
C
,n
o
ar
ea
s
of

hy
po
ac
tiv
at
io
n
to

ri
sk
y
de
ci
si
on
s
an
d

ex
ec
ut
iv
e
re
gi
on
s
in
C
U
at
w
ho
le
-b
ra
in

le
ve
l

1
ye
s

.7
82

20
04

E
ld
re
th

D
A
,M

at
oc
hi
k
JA

,C
ad
et
JL
,

B
ol
la
K
I

FI
2+

+
de
cr
ea
se
d
le
ft
do
rs
ol
at
er
al
pr
ef
ro
nt
al

bl
oo
d
fl
ow

du
ri
ng

a
m
od
if
ie
d
St
ro
op

ta
sk

in
C
U
as

w
el
lh

yp
oa
ct
iv
ity

in
th
e

le
ft
pe
ri
ge
nu
al
an
te
ri
or

ci
ng
ul
at
e

co
rt
ex

an
d
th
e
le
ft
la
te
ra
lp

re
fr
on
ta
l

co
rt
ex

an
d
hy
pe
ra
ct
iv
ity

in
th
e

0
ye
s

n/
a

206 Neuropsychol Rev (2016) 26:186–222



T
ab

le
3

(c
on
tin

ue
d)

Y
ea
r

A
ut
ho
rs

D
om

ai
n

E
vi
de
nc
e
L
ev
el

M
ai
n
Fi
nd
in
gs

E
ar
ly

O
ns
et
(E
O
)

(1
=
ye
s;
0
=
no
)

D
if
fe
re
nc
es

C
U
/N
C
?

E
ff
ec
tS

iz
es

(r
or

m
ea
n
r)

hi
pp
oc
am

pu
s
bi
la
te
ra
lly

co
m
pa
re
d
to

N
C

20
05

H
er
ni
ng
,R

I,
B
et
te
r
W
E
,T

at
e
K
,C

ad
et

JL
FI

2+
pu
ls
at
ili
ty

in
de
x
an
d
sy
st
ol
ic
ve
lo
ci
ty

si
gn
if
ic
an
tly

in
cr
ea
se
d
in

C
U

0
ye
s

.2
72

20
08

H
er
ni
ng

R
I,
B
et
te
r
W
,C

ad
et
JL

FI
2+

C
U
w
as

as
so
ci
at
ed

w
ith

re
du
ce
d
E
E
G

po
w
er

in
al
ph
a
an
d
be
ta
ba
nd
s
at

po
st
er
io
r
si
te
s
w
hi
ch

w
as

as
so
ci
at
ed

w
ith

ch
an
ge
s
in
ce
re
br
al
pe
rf
us
io
n
an
d/

or
th
yr
oi
d
fu
nc
tio

n

0
ye
s

.2
42

20
07

Ja
co
bs
en

L
K
,P

ug
h
K
R
,C

on
st
ab
le
R
T,

W
es
te
rv
el
d
M
,M

en
cl
W
E

FI
2+

C
U
ex
hi
bi
te
d
in
cr
ea
se
d
pa
ri
et
al
ac
tiv
at
io
n

an
d
gr
ea
te
r
ac
tiv

at
io
n
in

po
st
er
io
r

pa
ri
et
al
co
rt
ex

du
ri
ng

ve
rb
al
w
or
ki
ng

m
em

or
y
te
st

1
ye
s

n/
a

20
12

Ja
co
bu
s
J,
G
ol
de
nb
er
g
D
,W

ie
re
ng
a
C
E
,

To
le
nt
in
o
N
J,
L
iu

T
T,

Ta
pe
rt
SF

FI
2+

no
ce
re
br
al
bl
oo
d
fl
ow

di
ff
er
en
ce
s

1
no

0.
00

20
07

Pa
du
la
C
B
,S

ch
w
ei
ns
bu
rg

A
D
,T

ap
er
t

SF
FI

2+
C
U
sh
ow

ed
pe
rf
or
m
an
ce

×
br
ai
n

re
sp
on
se

in
te
ra
ct
io
ns

in
th
e
bi
la
te
ra
l

te
m
po
ra
ll
ob
es
,l
ef
ta
nt
er
io
r
ci
ng
ul
at
e,

le
ft
pa
ra
hi
pp
oc
am

pa
lg

yr
us
,a
nd

ri
gh
t

th
al
am

us
on

a
sp
at
ia
lw

or
ki
ng

m
em

or
y

ta
sk

1
ye
s

.3
90

20
08

Pi
lla
y
SS

,R
og
ow

sk
a
J,
K
an
ay
am

a
G
,

G
ru
be
r
S,

Si
m
ps
on

N
,P

op
e
H
G
,

Y
ur
ge
lu
n-
To

dd
D
A

FI
2+

D
if
fe
re
nc
es

in
ce
re
br
al
ac
tiv

at
io
n
in

th
e

co
nt
ra
la
te
ra
ls
up
pl
em

en
ta
ry
m
ot
or
ar
ea

an
d
pa
rt
ly

in
th
e
do
rs
al
an
te
ri
or

ci
ng
ul
at
e
ar
ea

0
ye
s

n/
a

20
14

Pu
jo
lJ
,B

la
nc
o-
H
in
oj
o
L
,B

at
al
la
A
,

L
óp
ez
-S
ol
à
M
,H

ar
ri
so
n
B
J,
So

ri
an
o-

M
as

C
,C

ri
pp
a
JA

,F
ag
un
do

A
B
,

D
eu
s
J,
de

la
To

rr
e
R
,N

og
ué

S,
Fa
rr
é

M
,T

or
re
ns

M
,M

ar
tín
-S
an
to
s
R

FI
2+

C
U
sh
ow

ed
in
cr
ea
se
d
fu
nc
tio
na
l

co
nn
ec
tiv

ity
in

th
e
co
re

of
th
e
de
fa
ul
t

an
d
In
su
la
ne
tw
or
ks

an
d
se
le
ct
iv
e

en
ha
nc
em

en
to

f
fu
nc
tio
na
ln

eg
at
iv
e

co
rr
el
at
io
n
be
tw
ee
n
bo
th
,r
ed
uc
ed

fu
nc
tio

na
lc
on
ne
ct
iv
ity

fo
r
C
U
w
as

ob
se
rv
ed

in
ar
ea
s
ov
er
la
pp
in
g
w
ith

ot
he
r
br
ai
n
ne
tw
or
ks

1
ye
s

.4
40

20
08
b

Sc
hw

ei
ns
bu
rg

A
D
,N

ag
el
B
J,

Sc
hw

ei
ns
bu
rg

B
C
,P

ar
k
A
,

T
he
ilm

an
n
R
J,
Ta
pe
rt
SF

FI
2+

+
C
U
w
as

as
so
ci
at
ed

w
ith

lo
w
er

ac
tiv

ity
in

ri
gh
td

or
so
la
te
ra
lp

re
fr
on
ta
la
nd

oc
ci
pi
ta
lc
or
tic
es

1
ye
s

.6
09

20
10

Sc
hw

ei
ns
bu
rg

A
D
,S

ch
w
ei
ns
bu
rg

B
C
,

M
ed
in
a
K
L
,M

cQ
ue
en
y
T,

B
ro
w
n

SA
,T

ap
er
tS

F

FI
2+

+
C
U
ha
d
in
cr
ea
se
d
re
sp
on
se

in
th
e
ri
gh
t

pr
ec
en
tr
al
gy
ru
s
cl
us
te
rs

1
ye
s

.6
29

20
08

Se
vy

S,
Sm

ith
G
S,

M
a
Y
,D

ha
w
an

V
,

C
ha
ly

T,
K
in
gs
le
y
PB

,K
um

ra
S,

A
bd
el
m
es
si
h
S,

E
id
el
be
rg

D

FI
2+

+
lo
w
er

no
rm

al
iz
ed

gl
uc
os
e
m
et
ab
ol
is
m

in
th
e
ri
gh
to

rb
ito

fr
on
ta
lc
or
te
x,
pu
ta
m
en

bi
la
te
ra
lly

an
d
pr
ec
un
eu
s
in

C
U

1
ye
s

n/
a

20
08

Sn
ei
de
r
JT
,P

op
e
H
G
Jr
,S

ilv
er
iM

M
,

Si
m
ps
on

N
S,

G
ru
be
r
SA

,Y
ur
ge
lu
n-

To
dd

D
A

FI
2+

le
ft
te
m
po
ra
la
re
a
an
d
ce
re
be
llu
m
sh
ow

ed
si
gn
if
ic
an
tly

in
cr
ea
se
d
ce
re
br
al
bl
oo
d

fl
ow

va
lu
es

in
C
U

0
ye
s

.4
59

20
07

Ta
pe
rt
SF

,S
ch
w
ei
ns
bu
rg

A
D
,

D
ru
m
m
on
d
SP
,P

au
lu
s
M
P,
B
ro
w
n

SA
,Y

an
g
T
T,

Fr
an
k
L
R

FI
2+

C
U
sh
ow

ed
ac
tiv
at
io
n
di
ff
er
en
ce
s
in
ri
gh
t

do
rs
ol
at
er
al
pr
ef
ro
nt
al
,b
ila
te
ra
lm

ed
ia
l

fr
on
ta
l,
bi
la
te
ra
li
nf
er
io
r
an
d
su
pe
ri
or

pa
ri
et
al
lo
bu
le
s,
an
d
ri
gh
to

cc
ip
ita
l

gy
ri
,a
s
w
el
la
s
in

in
su
la
r
an
d
pa
ri
et
al

co
rt
ic
es

1
ye
s

.7
82

ST
R
U
C
T
U
R
A
L
IM

A
G
IN

G
20
11

A
sh
ta
ri
M
,A

va
nt
s
B
,C

yc
ko
w
sk
iL

,
C
er
ve
lli
on
e
K
L
,R

oo
fe
h
D
,C

oo
k
P,

G
ee

J,
Se
vy

S,
K
um

ra
S

SI
2+

+
C
U
sh
ow

ed
si
gn
if
ic
an
tly

sm
al
le
r
le
ft
an
d

ri
gh
th

ip
po
ca
m
pu
s
vo
lu
m
es

th
an

N
C
,

no
si
gn
if
ic
an
td

if
fe
re
nc
es

in
le
ft
an
d

ri
gh
ta
m
yg
da
la
vo
lu
m
e

1
ye
s

n/
a

20
12

SI
2+

0
no

0.
00

Neuropsychol Rev (2016) 26:186–222 207



T
ab

le
3

(c
on
tin

ue
d)

Y
ea
r

A
ut
ho
rs

D
om

ai
n

E
vi
de
nc
e
L
ev
el

M
ai
n
Fi
nd
in
gs

E
ar
ly

O
ns
et
(E
O
)

(1
=
ye
s;
0
=
no
)

D
if
fe
re
nc
es

C
U
/N
C
?

E
ff
ec
tS

iz
es

(r
or

m
ea
n
r)

H
ir
vo
ne
n
J,
G
oo
dw

in
R
S,

L
iC

T,
Te
rr
y

G
E
,Z

og
hb
iS

S,
M
or
se

C
,P

ik
e
V
W
,

V
ol
ko
w
N
D
,H

ue
st
is
M
A
,I
nn
is
R
B

no
di
ff
er
en
ce

in
re
gi
on
al
ly

se
le
ct
iv
e

do
w
nr
eg
ul
at
io
n
of

br
ai
n
ca
nn
ab
in
oi
d

C
B
(1
)
re
ce
pt
or
s
af
te
r
4
w
ee
ks

of
ab
st
in
en
ce

20
09
b

Ja
co
bu
s
J,
M
cQ

ue
en
y
T,

B
av
a
S,

Sc
hw

ei
ns
bu
rg

B
C
,F

ra
nk

L
R
,Y

an
g

T
T,

Ta
pe
rt
SF

SI
2+

co
nc
om

ita
nt
bi
ng
e
dr
in
ki
ng

an
d
T
H
C
us
e

w
as

no
ta
ss
oc
ia
te
d
w
ith

be
tte
r
w
hi
te

m
at
te
r
st
ru
ct
ur
e
co
m
pa
re
d
to

co
nt
ro
ls
,

bu
th

ig
he
r
fr
ac
tio
na
la
ni
so
tr
op
y
va
lu
es

co
m
pa
re
d
to

ad
ol
es
ce
nt
s
re
po
rt
in
g

on
ly

bi
ng
e
dr
in
ki
ng

0
in
te
ra
ct
io
n
w
ith

bi
ng
e

dr
in
ki
ng

n/
a

20
05

M
at
oc
hi
k
JA

,E
ld
re
th

D
A
,C

ad
et
JL
,

B
ol
la
K
I

SI
2+

+
lo
w
er
gr
ay

m
at
te
r
de
ns
ity

in
th
e
ri
gh
t

pa
ra
hi
pp
oc
am

pa
lg

yr
us

an
d
gr
ea
te
r

de
ns
ity

bi
la
te
ra
lly

ne
ar

th
e
pr
ec
en
tr
al

gy
ru
s
an
d
th
e
ri
gh
tt
ha
la
m
us

in
C
U
,

al
so

lo
w
er

w
hi
te
m
at
te
r
de
ns
ity

in
th
e

le
ft
pa
ri
et
al
lo
be

an
d
hi
gh
er

de
ns
ity

ar
ou
nd

th
e
pa
ra
hi
pp
oc
am

pa
la
nd

fu
si
fo
rm

gy
ri
on

th
e
le
ft
si
de

co
m
pa
re
d

to
N
C

0
ye
s

n/
a

20
11

M
cQ

ue
en
y
T,

Pa
du
la
C
B
,P

ri
ce

J,
M
ed
in
a
K
L
,L

og
an

P,
Ta
pe
rt
SF

SI
2+

fe
m
al
e
C
U
ha
d
la
rg
er

ri
gh
ta
m
yg
da
la

vo
lu
m
es

an
d
m
or
e
in
te
rn
al
iz
in
g

sy
m
pt
om

s
th
an

fe
m
al
e
N
C
,w

hi
le
m
al
e

C
U
ha
d
si
m
ila
r
vo
lu
m
es

as
m
al
e
N
C
.

Fo
r
fe
m
al
e
N
C
an
d
m
al
es
,w

or
se

m
oo
d/
an
xi
et
y
w
as

lin
ke
d
to

sm
al
le
r

ri
gh
ta
m
yg
da
la
vo
lu
m
e
w
he
re
as

m
or
e

in
te
rn
al
iz
in
g
pr
ob
le
m
s
w
er
e
as
so
ci
at
ed

w
ith

en
la
rg
ed

ri
gh
ta
m
yg
da
la
on
ly

in
fe
m
al
e
C
U

1
ye
s
(f
em

al
es
)

.4
54

20
07
b

M
ed
in
a
K
L
,N

ag
el
B
J,
Pa
rk

A
,

M
cQ

ue
en
y
T,

Ta
pe
rt
SF

SI
2+

w
hi
te
m
at
te
r
vo
lu
m
e
w
as

ne
ga
tiv
el
y

as
so
ci
at
ed

w
ith

de
pr
es
si
ve

sy
m
pt
om

s
in

C
U
,n

o
di
ff
er
en
ce

in
in
tr
ac
ra
ni
al

vo
lu
m
e,
le
ft
or

ri
gh
th

ip
po
ca
m
pa
l

vo
lu
m
e

0
ye
s

.3
35

20
09

M
ed
in
a
K
L
,M

cQ
ue
en
y
T,

N
ag
el
B
J,

H
an
so
n
K
L
,Y

an
g
T
T,

Ta
pe
rt
SF

SI
2+

C
U
:s
m
al
le
r
pr
ef
ro
nt
al
co
rt
ex

to
ta
l

vo
lu
m
e
w
as

as
so
ci
at
ed

w
ith

be
tte
r

ex
ec
ut
iv
e
fu
nc
tio
ni
ng

w
hi
le
th
e

op
po
si
te
pa
tte
rn

w
as

se
en

am
on
g
N
C

1
in
te
ra
ct
io
n
w
ith

ex
ec
ut
iv
e

fu
nc
tio

n
.3
00

20
10

M
ed
in
a
K
L
,N

ag
el
B
J,
Ta
pe
rt
SF

SI
2+

C
U
:s
ig
ni
fi
ca
nt
ly

la
rg
er

in
fe
ri
or

po
st
er
io
r

(l
ob
ul
es

V
II
I-
X
)
ve
rm

is
vo
lu
m
e
w
er
e

as
so
ci
at
ed

w
ith

po
or
er

ex
ec
ut
iv
e

fu
nc
tio

ni
ng

1
in
te
ra
ct
io
n
w
ith

ex
ec
ut
iv
e

fu
nc
tio

n
n/
a

20
08

Se
vy

S,
Sm

ith
G
S,

M
a
Y
,D

ha
w
an

V
,

C
ha
ly

T,
K
in
gs
le
y
PB

,K
um

ra
S,

A
bd
el
m
es
si
h
S,

E
id
el
be
rg

D

SI
2+

+
st
ri
at
al
do
pa
m
in
2/
do
pa
m
in
3
re
ce
pt
or

av
ai
la
bi
lit
y
di
d
no
td

if
fe
r
be
tw
ee
n
C
U

an
d
N
C

1
ye
s

.1
78

20
14

Ja
co
bu
s
J,
Sq

ue
gl
ia
L
M
,S

or
g
SS

,
N
gu
ye
n-
L
ou
ie
T
T,

Ta
pe
rt
SF

SI
2+

+
C
U
de
m
on
st
ra
te
d
th
ic
ke
r
co
rt
ic
es

co
m
pa
re
d
to

co
nt
ro
ls
:l
ef
tc
au
da
l

an
te
ri
or

ci
ng
ul
at
e
co
rt
ex
,l
ef
t

en
to
rh
in
al
co
rt
ex
,l
ef
tl
in
gu
al
gy
ru
s

an
d
le
ft
pe
ri
ca
lc
ar
in
e
co
rt
ex

1
in
te
ra
ct
io
n
w
ith

lif
e
tim

e
al
co
ho
lu

se
.3
09

E
vi
de
nc
e
L
ev
el
2+

+
=
Bh
ig
h
qu
al
ity

sy
st
em

at
ic
re
vi
ew

s
of
ca
se

co
nt
ro
lo
rc
oh
or
ts
tu
di
es
,h
ig
h
qu
al
ity

ca
se
co
nt
ro
lo
rc
oh
or
ts
tu
di
es
w
ith

a
ve
ry
lo
w
ri
sk

of
co
nf
ou
nd
in
g
or
bi
as

an
d
a
hi
gh

pr
ob
ab
ili
ty
th
at
th
e

re
la
tio

ns
hi
p
is
ca
us
al
^
2+

=
Bw

el
lc
on
du
ct
ed

ca
se

co
nt
ro
lo

r
co
ho
rt
st
ud
ie
s
w
ith

a
lo
w
ri
sk

of
co
nf
ou
nd
in
g
or

bi
as

an
d
a
m
od
er
at
e
pr
ob
ab
ili
ty

th
at
th
e
re
la
tio

ns
hi
p
is
ca
us
al
^
(B
ak
er

et
al
.2
01
0,
p.
35
9)

A
A
tte
nt
io
n,
E
E
xe
cu
tiv

e
fu
nc
tio

ns
,M

M
ot
or

fu
nc
tio

n,
M
L
M
em

or
y
an
d
L
ea
rn
in
g,
V
S
V
is
ua
lS

pa
tia
l,
F
I
Fu

nc
tio

na
li
m
ag
in
g,
SI

St
ru
ct
ur
al
Im

ag
in
g,
C
U
C
an
na
bi
s
U
se
rs
,N

C
N
on
-u
si
ng

C
on
tr
ol
s,
n/
a
no
t

av
ai
la
bl
e

208 Neuropsychol Rev (2016) 26:186–222



Medina et al. (2007a), CU demonstrated poorer complex at-
tention results even after 23 days of abstinence. Jacobsen et al.
(2004) reported impaired attention for CU in a selective atten-
tion task and Chang et al. (2006) in an fMRI study on visuo-
spatial attention. Hanson et al. (2010) found similar attention
processing speed between CU and NC, but attention accuracy
remained deficient in users throughout a 3-week abstinence
period (p< .01).

Within the five EO studies on attention, four studies found
impairments while one study found no differences between
CU and NC.

Executive Functions

Sixteen studies examined differences in executive functions,
and ten studies found impairments. Quantifiable data (n=14
studies) revealed an overall medium ES of r = .294 (CI
95 %=[.109; .423]). Evidence is mixed as to whether inhibi-
tion, impulsivity and decision making are impaired in
abstinent CU. However, there is a trend towards worse
performance even after a period of abstinence in CU groups.
Executive functions, and how they are measured, are highly
heterogeneous. For example Medina et al. (2007a) found def-
icits in planning and sequencing ability while Tapert et al.
(2007) found impaired verbal fluency. Bolla et al. (2005) iden-
tified a dose-related association between increased THC use
and a lower decision-making task performance (Iowa gam-
bling task, IGT) and alterations in brain activity. Verdejo-
Garcia et al. (2007) administered the IGT twice to 25-day
abstinent cocaine and THC users and matched controls. CU
performed worse than controls but this effect was not signifi-
cant. They showed linear dose–response effects on IGT per-
formance. The Bnumber of joints^ smoked prior to the period
of enforced abstinence was negatively related to IGT perfor-
mance. CU (abstinent for at least 3 weeks) showed significant-
ly more impulsivity and tolerated a lower level of certainty in
their decision-making compared to NC (Clark et al. 2009). On
the other hand, five studies found no differences in executive
function (e.g., Eldreth et al. 2004; Lyons et al. 2004), for
instance in the area of decision making (De Bellis et al.
2013). Medina et al. (2009) reported an interaction effect in
the way such that among CU, smaller prefrontal cortex (PFC)
total volume was associated with better executive functioning
while the opposite pattern was seen among the controls.

Within the seven EO studies on executive functioning, four
studies found impairments.

Table 4 Sample sizes, effect sizes, and heterogeneity of studies with applicable information on neurocognitive functions

Domain

Statistic Overall Attention Executive functions Motor function Memory +Learning Visual Spatial

n of studies 31 10 16 5 16 4

n of effects 75 13 23 15 21 3

n of cases 1.428 a 528 696 183 834 160

MD of cases 32 49 32 40 42 65

range of cases 14–130 14–108 22–108 27–75 14–130 31–76

effect size (rmean) .305 .273 .294 .478 .229 .094

95 % CI (rmean) [.254; .358] [.109; .423] [.187; .394] [.394; .555] [.130; .323] [−.303; .464]
Q 167.77 30.45 50.57 14.99 36.02 2.73

dfQ 74 12 22 14 20 2

pQ .000 .002 .001 .379 .015 .255

I2 (%) 55.9 60.6 56.5 6.6 35.5 26.7

a without overlap across studies; MD median, CI confidence interval. Sample sizes only refer to actual comparisons and do not necessarily equal the
sample total of a given study. All effects except visual spatial significant at p ≤ .05

Table 5 Sample sizes, effect sizes, and heterogeneity of studies with
applicable information on functional and structural imaging

Domains

Statistic Overall Functional imaging Structural imaging

n of studies 27 17 10

n of effects 54 44 6

n of cases a 732 531 161

MD of cases 36 36 32

range of cases 12–108 28–108 12–58

effect size (rmean) .446 .479 .287

95 % CI (rmean) [.383; .505] [.409; .554] [.198; .371]

Q 141.23 126.88 6.22

dfQ 53 43 5

pQ .000 .000 .285

I2 (%) 62.5 66.6 19.6

a without overlap across studies; MD median, CI confidence interval.
Sample sizes only refer to actual comparisons and do not necessarily
equal the sample total of a given study. All effects significant at p ≤ .05
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Motor Function

Five studies examined differences in motor function abilities
between CU and NC. Quantifiable data (n=4 studies) gave an
almost large ES of .478 (CI 95 %= [.394; .555]). Altogether,
four out of five studies found evidence that motor function
remains impaired even after a time of abstinence. It remains
unclear if this result is due to reaction time (speed), or accu-
racy, or both. Bosker et al. (2013) assessed psychomotor func-
tion in CU and reported that sustained cannabis abstinence
moderately improved critical tracking and divided attention
performance in chronic, daily cannabis smokers, but that
impairments were still observable compared to controls after
three weeks of abstinence. Pillay et al. (2008) conducted
finger-tapping tests and concluded that residual diminished
brain activation in motor cortical circuits is still observed after
discontinuing cannabis use for 28 days. In another study, after
at least 23 days of abstinence, adolescent CU had impairments
in psychomotor performance compared to controls, and there
was a negative, dose-dependent association between perfor-
mance and lifetime cannabis use episodes (Medina et al.
2007a).

In the only EO study on motor function, Medina et al.
(2010) uncovered no significant relationships between cere-
bellar volume and psychomotor speed in adolescents.

Memory and Learning

Sixteen studies examined differences in memory and learning
between CU and NC, seven of which found impairments.
Quantifiable data (n=15 studies) gave an overall medium
ES of .229 (CI 95 %=[.130; .323]). There is some evidence
that chronic CUmight experience sustained deficits in the area
of information encoding, storage and retrieval. Results for
deficits in other types of memory seemed to be more
nuanced when considering length of abstinence, age at
which CU discontinue their use, amount and duration of
cannabis use. For instance, Medina et al. (2007a) found poorer
results for story memory, Jacobsen et al. (2007) demonstrated
that THC users performed a working memory task less accu-
rately than controls, and Hanson et al. (2010) demonstrated
poorer verbal learning and working memory in a longitudinal
study. Seven studies found no differences, for instance Lyons
et al. (2004) in the area of memory function, Jager et al. (2010)
in the area of associative memory or Chang et al. (2006), in
whose study abstinent CU even showed a trend for better
performance on one of the verbal memory tests. One study
found an interaction effect with binge drinking (n.b. without
alcohol-related addiction diagnosis; Mahmood et al. 2010), in
which greater alcohol hangover symptoms predicted worse
verbal learning and memory scores for NC, but not for CU.

Of the 12 EO studies examining memory and learning,
seven found memory and learning deficits.

Visual Spatial

Only four studies (two EO studies) examined differences in
visual spatial functioning between CU and NC. Here, two
studies found differences (CU one better/one worse). From
this scarce evidence only subtle impairments in visual spatial
functioning can be concluded. The EO studies found incon-
sistent results after sustained abstinence (Schweinsburg et al.
2010, Jacobus et al. 2014), while Medina et al. (2007a) found
better visual spatial functioning in CU than in NC after four
weeks of abstinence.

Functional Imaging

Seventeen studies examined neurocognitive alterations in
CU compared to NC with functional imaging technology,
and 16 studies found neurocognit ive alterat ions.
Quantifiable data (n= 11 studies) resulted in a medium ES
of r = .479 (CI 95 %= [.409; .554]). There is clear evidence
for differences in activation patterns between CU and NC
even after a washout period of more than 14 days. It seems
that differences in activation patterns are demonstrated in
prefrontal, temporal and occipital as well as cerebellar
regions. Bolla et al. (2005) reported greater activation in
the left cerebellum and less activation in the right lateral
orbitofrontal cortex and the right dorsolateral prefrontal
cortex for CU. In the study of Pujol et al. (2014), CU
showed increased functional connectivity in the core of
the default and insula networks and in select ive
enhancement of functional anticorrelation between both.
Schweinsburg et al. (2010) demonstrated an increased re-
sponse in the right precentral gyrus clusters for CU. Also,
this group reported significantly more activity during spa-
tial working memory (SWM) relative to vigilance in adoles-
cent CU in the right parietal cluster, but less activity during
the use of SWM relative to vigilance than NC in right dor-
solateral prefrontal cortex (Schweinsburg et al. 2008b).
Sevy et al. (2008) reported decreased glucose metabolism
in CU compared to controls after more than 12 weeks of
abstinence. Herning et al. (2008) found that chronic CU
was associated with reduced EEG power in alpha and beta
bands at posterior sites, alterations that were associated
with changes in cerebral perfusion and/or thyroid function.
Herning et al. (2005) reported that the pulsatility index, a
measure of cerebrovascular resistance, and systolic blood
flow velocity were still significantly increased in heavy CU
after a month of monitored abstinence. In a visual attention
study, active CU with positive urine toxicology screens ev-
idenced greater reductions in right prefrontal fMRI re-
sponse than abstinent users (Chang et al. 2006), a finding
that suggests a change in neural recruitment throughout the
course of abstinence. Sneider et al. (2008) also examined
changes over abstinence duration and found that while

210 Neuropsychol Rev (2016) 26:186–222



cerebral blood flow levels begin to normalize with contin-
ued abstinence from cannabis after 28 days, specifically in
frontal areas, other temporal and cerebellar brain regions
show slower blood flow decreases. Only one study found
no functional imaging differences between CU and NC:
Jacobus et al. (2012) identified no relationships between
cerebral blood flow and executive functioning, nonverbal
memory, structural verbal memory, or visuospatial
processing.

Eleven EO studies examined neurocognitive alterations in
CU compared to NC with functional imaging technology, of
which 10 studies found neurocognitive alterations.

Structural Imaging

Ten studies examined structural imaging differences be-
tween CU and NC, of which nine found differences.
Quantifiable data (n= 6 studies) gave a small mean ES of
r = .287 (CI 95 %= [.198; .371]). Structural differences are
found in cortical areas such as the limbic system, the
orbitofrontal region (decision making) or the hippocampus
(memories) and in subcortical areas that are involved in
emotion processing such as the amygdala as well as in the
nucleus accumbens, a region that is central to the reward
system. These differences are indicated by volume differ-
ences (esp. white matter volume). In a positron emission
tomography (PET) imaging study, CB1 receptor density
returned to normal levels after a time of abstinence
(Hirvonen et al. 2012). Medina et al. (2007b) found smaller
white matter volume in CU, and other than in controls,
white matter volume was negatively associated with
depressive symptoms for CU. Ashtari et al. (2011) found
that heavy CU had significantly smaller left and right
hippocampus volumes as compared to their matched
controls, but no significant changes in the left and right
amygdala volume. Matochik et al. (2005) found lower gray
matter density in the right parahippocampal gyrus and
greater density bilaterally near the precentral gyrus and
the right thalamus in CU. In the same group, lower white
matter density was found in the left parietal lobe and higher
density around the parahippocampal and fusiform gyri
compared to controls. Longer duration of marijuana use
was significantly correlated with higher white matter tissue
density in the left precentral gyrus. Three studies reported
interaction effects: Female CU demonstrated comparatively
larger PFC volumes while male CU had smaller volumes
compared with same-gender controls (Medina et al. 2009).
Another study from Medina et al. (2010) found that CU
exhibited a larger inferior posterior (lobules VIII-X) vermis
volume, and that larger vermis volumes were associated
with poorer executive functioning.

Six EO studies examined structural imaging differences
between CU and NC, and all six studies found differences.

Additional Meta-Analytic Information

Neurocognitive Performance The overall data basis is
N=1.428. A total of 31 studies reported neurocognitive out-
come effects, while concerning five studies (about 16 %) sup-
plied no applicable data to calculate ES. In Pillay et al. (2008)
(motor function), 12 effects were reported. As these proved to
be homogeneous after Q-testing, only one pooled effect size
(ES) has been used for this study. As shown in Table 4, mean
overall ES across all studies is rmean = .305 with CI
95 %=[.254; .358], which amounts to a significant medium
sized effect. However, Q-testing (p= .000) reveals that there
could be population effects which allow only for limited gen-
eralizability. ES in motor function is significantly higher than in
the remaining domains (p≤ .005), but Cohen’s q≤ .217 gives
only small ES. In terms of I2, heterogeneity is typically low to
medium even in highly significant Q-measures. In sum, in
quantifiable studies, CU appear to be adversely affected in
neurocognitive performances compared to NC. For assessing
possible publication bias, a funnel plot based on 75 observed
effects is given in Fig. 1. Upon inspection, it is slightly asym-
metric, but this is because zero and small ES findings have been
published and this does not speak for a publication bias, unless
the tendency for underpowered studies counts as Bbias^.

Functional and structural imaging The overall data basis is
N=732. Seventeen studies (11 EO studies) examined alter-
ations in neural activity in CU compared to NC with function-
al imaging technology. Of these 17 studies, 16 studies (10 EO
studies) found functional alterations with a medium effect size
of r= .479 (CI 95 %= [.409; .554]), while only one study did
not. Ten studies (6 EO studies) examined structural imaging
differences between CU and NC. Of these 10 (6) studies, 9 (5)
found differences with a mean effect of r = .287 (CI
95 %= [.198; .371]), while only one (0) did not. Three studies
reported interaction effects, one with life-time alcohol use and
two with executive functioning. ES in functional imaging is
significantly higher than in structural imaging (p≤ .006), but
again Cohen’s q= .226 gives only a small ES. In sum, 27
studies reported functional and structural imaging outcome
effects, 10 (37 %) supplied no applicable data. As shown in
Table 5, mean overall ES across all studies is rmean= .446 with
CI 95 %= [.383; .505], which amounts to a significant, almost
large-sized effect. Thus, findings in studies with meta-analytic
information suggest that CU are adversely affected in mea-
sures of functional and structural imaging compared to NC.
But again,Q-testing (p= .000) reveals that there is limited gen-
eralizability, which is confirmed by the I2-statistic that yields a
low tomedium heterogeneity. Possible publication bias is neg-
ligible as assessed by the funnel plot in Fig. 2, based on 54
observed effects. The plot is slightly asymmetric, but again this
isbecause zeroand smallES findingshavebeenpublished, thus
not speaking for apublicationbias.Again, a small-samples-size
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Bbias^ appears, which comes as no surprise since there is con-
siderable overlap between studies from Figs. 1 and 2.

Early versus later onset Concerning neurocognitive
performance, EO studies (age of onset < 18 years) reveal a
low heterogeneity (I2=39.4 %) and an almost medium ES

of rmean= .250 with CI 95 %= [.173; .324], whereas studies
employing subjects with a later age of onset show medium
heterogeneity (I2=66.0 %) and a medium ES of rmean= .359
with CI 95 %= [.280; .432]. These ES differ with q= .120, i.e.
a small ES according to Cohen’s convention. Hence, in
neurocognitive performance, neurocognitive impairment over

Notes. Plotted are 54 effect sizes including a total sample size of N = 732.

Fig. 2 Funnel plot on effect sizes
of 27 peer-reviewed studies
published between 2004 and
2015 comparing functional and
structural imaging-data of
cannabis users to healthy controls

Notes. Plotted are 75 effect sizes including a total sample size of N = 1.428.

Fig. 1 Funnel plot on effect sizes
of 31 peer-reviewed studies pub-
lished between 2004 and 2015
comparing neurocognitive
performance of cannabis users to
healthy controls
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all domains in CU with early age of onset seems less pro-
nounced than in CU with later onset, compared to NC. In
the area of functional and structural imaging, we found me-
dium heterogeneity (I2=61.5%) and a large ES of rmean= .617
with CI 95 %= [.487; .767] in EO studies, but in studies
employing subjects with later onset we found no heterogene-
ity (I2=0 % by definition; Q=12.50 with p= .641) and a
medium ES of rmean = .328 with CI 95 %= [.246; .415].
These ES differ with q= .380 to medium ES. This finding is
opposed to the finding in the area of neurocognitive perfor-
mance because, here, differences in functional and structural
imaging according ES in CU with early age of onset appear
morepronounced than inCUwith later onset, compared toNC.

Discussion

In this review, we sought to collect and report current knowl-
edge concerning (1) the long-term effects of cannabis use on
neurocognitive functioning after a prolonged abstinence peri-
od of at least 14 days, (2) the conclusiveness of findings,
especially in studies providing data for meta-analysis, and
(3) the question if EO of cannabis use exacerbates long-term
effects of cannabis use.

Regarding (1) we conclude that findings concerning
neurocognitive impairments remain heterogeneous. Most
studies found some attention or concentration deficits in CU.
Also, there is evidence that chronic CU might experience
sustained deficits in the area of information encoding, storage
and retrieval. Findings are mixed regarding impairments in
inhibition, impulsivity and decision making for CU, but there
is a trend toward worse performance. Four out of five studies
found evidence that motor function remains impaired even
after a time of abstinence, while the data basis concerning
impairments in visual spatial functioning (four studies) is in-
consistent. Functional imaging demonstrates clear differences
in activation patterns between CU and controls. Structural
differences are found in cortical areas, like the orbitofrontal
and temporal region, or the hippocampus and in subcortical
areas, such as amygdala and nucleus accumbens. On the
whole, neurocognitive findings remain quite mixed even after
our attempt to account for additional factors such as abstinence
period, studyquality,method,andonsetofCU.Thisheterogeneity
ismoreevidentinsomedomainsthaninothers.Forexample,while
16 out of 17 functional imaging/EEG studies find different brain
activationpatterns, blood floworother alterations inCU,only five
out of ten structural imaging studies report significant differences
between CU andNC (three more report differences in interaction
with confounders). This may be due to the fact that, while volu-
metriceffectswillbeespeciallyobservedinheavyusers,functional
effects might generally be easier to detect. The heterogeneity of
findings is discussed further below. In conclusion, we detected
neurocognitive differences between CU in comparison to NC –

mostly appearing as impairments – that lasted for more than two
weeks of abstinence. Also, across all domains, functional and
structural differences between CU and NC were found that
persisted longer than14daysafter terminatingTHCconsumption.
Drawingassociationsbetweenbothdomains (neuropsychological
testing and imaging) is out of our scope, however this promising
avenue should be pursued by further research.

Regarding (2) we conclude that, inmost domains, substantial
medium or large detrimental effects of cannabis use can be ex-
pected as per 20 similarly well-designed clinical trials which
supply quantifiable data. ES and homogeneitymeasures suggest
that in CU compared to NC, impairment in neurocognitive per-
formances can be expected on a level of medium- to large-sized
effects. We detected medium-sized heterogeneity/variance be-
tween populations, employed measures, and domains. About
half of the studies are underpowered (MedianN=32). T-testing,
for instance, requires a sample total of N≥40 to detect medium
ES. This means that several small effects may have been
overlooked and that, consequentially, the true detrimental effects
ofcannabisareprobablystill underestimated in this reviewdue to
shortcomings in respective reports.

Regarding (3), our results indicate that – in terms of ES –
individuals with earlier EO of cannabis use differed more
heavily from individuals with later age of onset in structural
and functional imaging (q= .380), but comparatively less in
neuropsychological tests (q= .120). These findings are more
in accordance with a hypothesis that cannabis consumption is
of serious impact in adolescence due to age-related vulnera-
bility (Lisdahl et al. 2014; Volkow et al. 2014). We will return
to the role of EO later.

All inall, theheterogeneityoffindingswarrants interpretation.
Aresomestudiesoverrating the long-termeffectsofcannabisuse
– or were these effects not detected in some studies? In the fol-
lowing, we explore these possibilities further.

Why Sustained Effects of Cannabis use may be Overrated

There are two main arguments that speak for a cautious stance
toward the effects we found:

First, there is the time factor: how long does abstinence
need to persist before effects can truly be viewed as long-
term? Even though our review already places a large emphasis
on abstinence, it is unclear whether this suffices. Possibly,
longer washout periods are required (Schreiner and Dunn
2012; Pope et al. 1995) due, for instance, to prolonged intox-
ication within fatty tissue (Iversen 2003). Animal studies
showed reversible downregulation of brain CB1 receptors af-
ter chronic exposure to cannabis (Gonzalez et al. 2005; Sim-
Selley 2003). Using positron emission tomography imaging,
Hirvonen et al. (2012) detected reversible and regionally se-
lective downregulation of brain CB1 receptors in human sub-
jects who chronically smoked cannabis. The downregulation
correlated with years of cannabis smoking and was selective

Neuropsychol Rev (2016) 26:186–222 213



to cortical brain regions. After 4 weeks (26±5 days) of con-
tinuously monitored abstinence from cannabis, CB1 receptor
density returned to normal levels. This was the first direct
demonstration of cortical CB1 receptor downregulation as a
neuroadaptation that may promote cannabis dependence in the
human brain. Therefore, reversibility may be possible after an
abstinence period even longer than 14 or 28 days (as
suggested by Schreiner and Dunn 2012; Grant et al. 2003),
though there might be a dose-related aspect to reversibility
(Verdejo-Garcia et al. 2007). In sum, study effects might still
be viewed as temporary deficits due to a residue of cannabi-
noids in the brain, even if they cannot be attributed to acute
withdrawal effects from stopping cannabis use, and not as
effects of cumulative THC exposure on brain functioning.

Second, there is the question of cause and effect: some
evidence suggests that preexisting brain abnormalities pre-
date and predict the onset of substance use (e.g., Cheetham
et al. 2012). The cross sectional nature of the studies at hand
makes it impossible to judge whether chronic cannabis use
impairs cognitive performance, or whether worse cognitive
performance is a premorbid condition for problems with
cannabis use. The same goes for the association of cannabis
use with poorer educational attainment (Stiby et al. 2015).
Possibly, both conditions are caused by common factors
rooted in cognitive deficiencies (e.g., Gonzalez 2007). But
not only cognitive deficits may influence an individual’s
development of dependency symptoms. The Bpre-existing
conditions^, meaning state of health before first episode of
THC could be influenced by a widespread conglomerate of
factors: certain premorbid personality characteristics such
as neuroticism, risk-taking or sensation-seeking as well as
deficits in inhibitory control and affect regulation may also
precede regular cannabis use (e.g., Crane et al. 2013;
Gonzalez 2007; Jacobus et al. 2009a) and then be falsely
attributed to cannabis consumption in neurocognitive tests.
For example, could a correlation between craving and
amygdala volume in abstinent cannabis users be mediated
by frustration tolerance or inhibition control? And: should
it be explained by focal damage specific to the amygdala
through THC or are there more widespread alterations to
brain networks involved like the reward system or emotion-
al regulation (Padula et al. 2015)? Only few studies did
control for family history of substance use disorders, early
school dropouts, uncertain family structures or instable
family situations as well as different sexual or cultural
health awareness. Only incompletely did studies exclude
subjects with Axis I comorbid psychiatric disorders. Thus,
more evidence from longitudinal studies is needed to deter-
mine whether brain and cognitive abnormalities may have
predated the onset of drug use, evidence gained by thor-
oughly controlling for a variety of potential confounders,
e.g., pre-existing or current mood disorder, prodromal psy-
chosis, other drug use, etc.

Why Sustained Effects of Cannabis use may Have Gone
Undetected

There are three essential arguments that speak for taking the
effects we found seriously:

First and foremost, there is the issue of deficient
methodology. The studies at hand utilized advanced electro-
physiological or imaging technology, too often employing
very small sample sizes in a laboratory setting. It is very likely
that more small to medium-sized effects would have been
detected if more of the studies in this review had been supplied
with adequate sample sizes. Also, there are barriers in compa-
rability grounded in different definitions of terms such as
Bregular use^ or Bheavy use^. Because it is impossible to
administer cannabis to volunteers for many years in a labora-
tory, any study of long-term cannabis effects must rely on
naturalistic studies of Busers^ in the field that are hard to
compare (Pope et al. 1995). The attempt to exclude con-
founders such as premorbid cognitive reserves, psychiatric
functioning, other substance use, or head injuries, neuropsy-
chological deficits such as attention deficit hyperactivity dis-
order, conduct disorder, antisocial behavior and family history
of schizophrenia render the remaining sample even more arti-
ficial with regard to clinical relevance. Other confounders
such as anxiety (Jacobus et al. 2012), alcohol hangover symp-
toms (Mahmood et al. 2010), concomitant alcohol abuse
(Jacobus et al. 2014) or nicotine withdrawal (Jacobsen et al.
2007) may have gone undetected in many studies. In addition,
different neuropsychological tests are influenced in complex
ways by attention and motivation of subjects, are diverse and
hard to compare and have their limits regarding everyday life
relevance. Or, as in the case of memory and learning, the
localization of this domain within the brain is difficult, since
it is broadly distributed within different regions of the brain
such as the hippocampus, temporal lobe, and hippocampal
formation (Garcia-Lazaro et al. 2012), and is highly dense in
CB1 receptors. Functional differences compared to non-users
were detected in adult and adolescent CU when activated and
at rest status. Former CU showed different activity patterns
compared to NC in functional imaging studies, however,
these are unspecific and inconsistent in many cases.
Structural magnetic resonance cannot provide informa-
tion on the microstructure of the brain. Changes in neu-
ronal numbers (for example, atrophy) or neuronal disor-
ders (e.g., inflammation), or structural changes in syn-
aptic density may possibly affect signal strength, which
cannot be detected by structural magnetic resonance im-
aging methods (Matochik et al. 2005).

Second, there is the possibility of compensatory
mechanisms. The human brain seems to be capable of a cer-
tain degree of functional reorganization between different
brain regions. For instance, Chang et al. (2006) demonstrated
an altered pattern of brain activation during visual attention in
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chronic CU and greater activation in a reserve brain network
in active CU suggesting neuroadaptation in the attention net-
work due to chronic marijuana exposure. The recruitment of
additional regions, such as the prefrontal cortex and hippo-
campus differentiates users from controls during cognitive
performance (Block et al. 2002; Eldreth et al. 2004; Gruber
and Yurgelun-Todd 2005; Jager et al. 2007). This may indicate
that increased neurocognitive resources are required to main-
tain memory and executive processes in this group.
Moderately greater task-related activation in these areas may
reflect impaired efficiency of processing following cannabis
use, such that more activation is required to maintain normal
performance. This is broadly consistent with the cognitive
efficiency hypothesis (Vernon 1983) proposing that more di-
rect connections between task-critical brain regions may cor-
respond to decreases in task-related neural activity and im-
provements in performance (Rypma and D’Esposito 2000).
Within imaging, activation patterns were not always clearly
distributed. In understanding why some studies found evi-
dence and other not, a functional compensation (Rajah and
D’Esposito 2005) could be an answer: CU recruit more neural
tissue in areas with high CB1 receptor density such as the
frontal lobe, hippocampal/temporal regions, basal ganglia,
and cingulate cortices to adequately perform the tasks.
Findings suggest a change in neural recruitment throughout
the course of abstinence. This could relate to Bresidual drug
effects or withdrawal symptoms during early abstinence, less
need for neural compensation, or a change in neurocognitive
strategy as the brain adapts to different stages of sobriety^
(Schweinsburg et al. 2008b, p. 8). Some polymorphisms from
the endocannabinoid system have been repeatedly associated
with drug addiction (Lopez-Moreno et al. 2012) but their ex-
act influence on neurocognitive impairments is not well un-
derstood. However, even though the brain seems to be capable
of activating brain regions in CU that are not usually engaged
in NC to achieve the cognitive demand, the real impact of such
alterations in daily users’ lives and its possibility to induce
psychiatric disorders are still controversial (Martin-Santos
et al. 2010).

Third, inter-substance interactions may have acted as con-
founders for (non-)effects. Prior research suggests differential
neurocognitive effects of cannabis that depend on whether the
individual alsousesother substances (Lundqvist 2005;vanHolst
and Schilt 2011). There is marked inter-individual variability in
the patterns of substance use (e.g., duration, frequency, dosage,
type) and, with the exception of a few studies, most researchers
were not able to definitively isolate the effects of a single specific
substance due to a history of polysubstance use (Yucel et al.
2007). Some studies (e.g., Ashtari et al. 2011) did not control
for the amount of alcohol or other drug intake. In other studies,
interaction effectswith binge drinkingwere found (Jacobus et al.
2009b; Mahmood et al. 2010). An under-investigated issue is
whether concurrent use of different substances (e.g., cannabis

and alcohol or methamphetamine) may potentiate the long-
term adverse effects of each drug (Winward et al. 2014; Cuzen
et al. 2015; Nguyen-Louie et al. 2015). For example, Jacobus
et al. (2014) demonstrated significantlyworse results inCUwith
concomitant alcohol use in the domains of complex attention,
memory, processing speed, and visuospatial functioning com-
pared to controls with limited substance use histories. However,
thestudywas limitedbyaminimumabstinenceofonedaybefore
testing and the question of different inter-substance effects.
While synergistic or additive effects are plausible, there is also
speculation that use of some substances may mask or protect
against the neurocognitive sequelae of other substances
(Jacobus et al. 2009b; Mahmood et al. 2010; Medina et al.
2007b; Schweinsburg et al. 2011). This even goes for inter-
substance effectswithin cannabis itself: some evidence indicates
that cannabidiol (CBD) might moderate the adverse effects of
cannabis on mental health (Schoeler and Bhattacharyya 2013).
As reported by Hermann (2011), cannabis and CBD can exert
opposing effects that could be interpreted as a protecting factor.
Next to neuroadaptive processes, this might explain the better
performance by CU in some studies, for instance in the Bvisual
spatial^domain(Changetal.2006;Medinaetal.2007a).Todate,
it is unclearwhether increased cannabis content has been accom-
panied by changes in levels of CBD.

The Role of Early Onset

Impairments in EO users―compared to users with later onset
of cannabis use―were less pronounced in neuropsychologi-
cal tests than in the area of functional and structural imaging
(for example, Jacobus et al. 2014). One possible explanation
relates to the fact that imaging may be more powerful than test
performance. As Pope et al. (2001a, b, p. 509) state,
Bindividuals may display grossly normal performance on
crude paper and pencil tests, yet show obvious abnormalities
on more technically sophisticated tests, such as electrophysi-
ological or imaging assessments^. Thus, while structural or
functional imaging technology may detect a small but statis-
tically significant difference between EO and later onset users
on a given measure, the behavioral consequences of this dif-
ference may be subtle and undetectable in self-report and neu-
ropsychological test. This, however, does not explain our find-
ings as well as the idea that persons who begin consumption at
early age may display stronger compensatory mechanisms
that are made visible by functional and structural imaging.
Their brain may have learned to balance deficits better through
longer experience, but it uses more neurocognitive resources
in performing the same tasks than the brain of users with later
onset. Also, the neuropsychological tests chosen may have
failed to tap important domains: even if an individual does
not underperform on a variety of quantitative measures, he
or she might display Bsubtle impairments of judgment or
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social inappropriateness that are readily detectable to a human
observer^ (Pope et al. 2001a, b, p. 509).

Perhaps our criterion of Bonset under age 18^ led to ex-
cluding studies with very similar subjects compared with the
BEO^ subjects (i.e., not much older when starting consump-
tion). We may have missed some BEO^ studies in cases where
the information provided did not suffice to determine the exact
age of onset. Besides this, age of onset is usually based on
anamnestic data. The duration of time between consumption
onset and testing is different for each individual. Both points
in time are heterogeneous between studies, since neither age
of onset nor an optimal age for testing are clearly defined.
Hence, we can merely search for tentative associations be-
tween the beginning of consumption and trends regarding
performance or activation. Above and beyond this, it is likely
that there is another effect with far more impact than the age of
substance use onset, and that is the intensity of use over time.
Several findings indicate that there may be a threshold level,
i.e. a dose-effect relationship that separates moderate and rec-
reational CU from high-risk, heavy CU (Crean et al. 2011). In
fact, all of the studies in our review explicitly referring to
Bheavy cannabis users^ (Herning et al. 2005; Mahmood
et al. 2010; Matochik et al. 2005; Pillay et al. 2008; Pujol
et al. 2014) detected effects of CU in different domains. In
contrast, results from a longitudinal cohort study by Pardini
et al. (2015) suggest that adolescents who engage only in low
to moderate marijuana use may experience an increase in ob-
servable attention and academic problems. However, these
problems appeared to be minimal and were eliminated follow-
ing sustained abstinence. It remains likely that residual impair-
ments are linked to the duration and quantity of cannabis use,
maybe more so than to the sole variable Bage of onsetBthat – at
least in the studies at hand – does not consistently separate
moderate from heavy users. Block and Ghoneim (1993) com-
pared intellectual functioning before the onset of drug use and
in adult CU and NC by testing mathematical skills and verbal
expression. They found that impairments depended on the
frequency of chronic cannabis use. Cheetham et al. (2012)
found smaller orbitofrontal cortex volumes at age 12 years
that predicted initiation of cannabis use by age 16 years. The
volumes of other regions (amygdala, hippocampus and ante-
rior cingulate cortex) did not predict later cannabis use. In a
longitudinal study, Fried et al. (2005) assessed cognitive func-
tioning in 9- to 12-year-olds before the initiation of cannabis
use, and again when youths were ages 17 to 21. After control-
ling for baseline performance and demographics, they found
that current heavy cannabis use showed deficits in immediate
and delayed memory, processing speed and overall IQ (cave:
abstinence duration of 24 h). In general, prospective longitu-
dinal studies have provided evidence for additional cognitive
and brain abnormalities following the onset of CU that are
above and beyond premorbid differences in personality, cog-
nition and brain structure (Maurage et al. 2009; White and

Batty 2012; Hicks et al. 2012; Meier et al. 2012; Jacobus
et al. 2014; Nguyen-Louie et al. 2015). In the Dunedin study
conducted in New Zealand, Meier et al. (2012) collected neu-
ropsychological data of individuals at age 13 and again at age
38, after a pattern of persistent cannabis use had developed
(although the status of abstinence was not asserted by testing).
Persistent cannabis use was associated with neurocognitive
decline broadly across domains of functioning, even after con-
trolling for confounders such as education level. Impairment
was concentrated among adolescent-onset CU, with more per-
sistent use associated with greater decline. Further, cessation
of cannabis use did not fully restore neurocognitive function-
ing among adolescent-onset CU.

Limitations

Regarding evidence level, studies did not exhibit much vari-
ance, so this criterion did not yield particularly meaningful
differences for interpretation (studies of 2+ versus 2++ design
quality according to SIGN). We tested if ES were biased de-
pending on study quality. In neurocognitive function mea-
sures, ES was r= .343 (CI 95 % [.283; .400]) in 2+ studies,
and r= .202 (CI 95 % [.082; .318]) in 2++ studies. Though
studies of better design quality reveal lower ES than those of
lower quality here, the difference is not significant (Z=0.557;
p= .289). In functional and structural imaging measures, ES
was r= .449 (CI 95 % [.376; .517]) in 2+ studies, and r= .434
(CI 95 % [.287; .562]) in 2++ studies. Again, the difference
between studies of different design quality is not significant
(Z=0.048; p= .481).

Seventeen of the included 38 empirical studies and three of
the above-mentioned reviews were conducted by the same
laboratory in San Diego/California (SDCA; research group
around S.F. Tapert) which might hint at some bias in publica-
tions. However, in neurocognitive performance, both SDCA
studies (I2=49.7 %) and others (I2=59.3 %) are of medium
heterogeneity and their ES (SDCA rmean = .216; others r-

mean= .368) differ only with a small effect (q= .156; Cohen
1988). Thus, we assume the same underlying population ef-
fect could have been measured. In functional and structural
imaging studies, SDCA studies (rmean= .673) and others (r-

mean= .392) do differ with a medium ES (q= .402), and SDCA
studies reveal a high heterogeneity (I2=72.0 %) whereas the
others reveal zero heterogeneity (I2=−4.8 %≈0 % by defini-
tion). But, inspecting Table 3, we assume that heterogeneity in
SDCA imaging studies mainly reflects the variety of measures
employed by this research group rather than population ef-
fects. In sum, we consider any possible bias contributed by
the SDCA studies negligible.

Other factors further limit the interpretation of our results.
For one thing, the methodological heterogeneity described
above as well as differences in subjects, particularly with
regards to amount and duration of cannabis use, make
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comparisons between studies difficult. For instance, drug
amount used prior to abstinence was operationalized as Bjoints
per day^ or duration of time was B6 times per week^. The
variability in the respondent’s definition of a ‘joint’ was as
large as was the variability in Blength of use^ that was defined
as Bthe time from initial use to time of current abstinence
period^ in some studies and as Bbeginning of time with heavy
consumption^ in others. Though these are common kinds of
limitations in literature reviews, they must be mentioned here.
Also the definition and measurement of our outcome param-
eters is difficult. For example what exactly are executive func-
tions? One concept of executive functions could be that they
are a heterogeneous psychological construct summarizing
cognitive processes such as planning, task flexibility, impul-
sive control or problem solving as well as decision making
and execution. It is not hard to understand the difficulty of
subsuming all these different aspects in order to make one
clear statement. Next, the inclusion criterion of a two week
abstinence may have led to exclusion of subjects with poorer
executive functions whowere not able to refrain from the drug
in this period of time. The characteristics of a drug-using life-
style such as higher risk-taking make head injuries during
intoxication hard to control. This plays a role in measuring
neurocognitive performance. The cross-sectional nature of the
studies at hand limits the interpretation of cause and effect as
well as the domains included here, something that must be
remarked after decades of cannabis research. Of specific rele-
vance here are questions of co-occurring psychiatric disorders,
including mood, anxiety, personality and especially psychotic
disorders. Finally, gender as a variable of possible influence
has not yet been adequately addressed. Research on the phar-
macology of alcohol shows that men and women are affected
differently. Several of the reported studies use all-male sam-
ples, and frequently, males are over-represented.

Where to go from Here

There is no easy explanation for complex reality. Like others
before, this systematic review encountered shortcomings in
preceding research and revealed certain desiderata. It is our
goal to foster theongoingscientificdiscussiononpotential risks
and neurocognitive long-term effects in CU. In this sense, this
reviewcontributes to thebodyof information towardsa respon-
sible socialandhealthpolicyoncannabisand itsuse.Resultsare
heterogenic and until now not fully understood. In our review
we found no clear and general associations between neuropsy-
chology, neurocognition and neuromorphology. However, our
findings add a neurocognitive aspect to the growing body of
evidence documenting the long-term psychosocial problems
associated with phases of regular cannabis consumption
(Wadsworth et al. 2006; Richer and Bergeron 2009; van Ours
and Williams 2009; Best et al. 2005; Flory et al. 2004). They
also point out barriers to a deeper understanding of

neurocognitive effects caused by cannabis use that are yet to
be overcome. We need studies with larger sample sizes that
possess a larger generalizability and enable researchers to iden-
tify small(er) effects, alsobecause a statistically smallEScanbe
ofmajor clinical relevance.AndasHall (2015) statedBthere is a
need for larger, better-controlled neuroimaging studies that use
standardized tasks andmeasures^ (p. 24). Also, we need better
classification of terms and more accurate assessment methods
with regard to predictors, confounders, and outcomes. Twin
studies like Lyons et al. (2004) would help in the area of com-
parability and untangling cause and effect such as the
abovementioned issue of preexisting brain abnormalities.
Finally, we need more longitudinal-design studies. Recently,
there have been first efforts to gain longitudinal data (Squeglia
et al. 2014; Nguyen-Louie et al. 2014; Pardini et al. 2015). An
ideal study would obtain neuropsychological testing results
from a large general population, and then obtain neuropsycho-
logical results many years later, after some of the individuals
had becomeCU and combining functional as well as structural
information of the human brain. By taking into account a
broader array of variables, longitudinal studies can put
neurocognitive research back into proportion by uncovering
the brain’s role in shaping young and heavy cannabis con-
sumer’s trajectories toward adverse psychosocial outcomes
over time.
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