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Abstract

This study examined the neurophysiological effects of cannabis. Cerebral blood flow (CBF) was measured in 12 long-term cannabis users
shortly after cessation of cannabis use (mean 1.6 days). The findings showed significantly lower mean hemispheric blood flow values and
significantly lower frontal values in the cannabis subjects compared to normal controls. The results suggest that the functional level of the
frontal lobes is affected by long-term cannabis use. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Although many studies have reported behavioural alter-
ations and cellular effects in connection with cannabis (see
reviews in Refs. [15,31]), relatively little is still known
about the neurophysiological effects of cannabis on brain
function. Neuroimaging data have been derived from studies
focusing both on chronic users and on acute marijuana
exposure. A summary of neuroimaging studies is shown
in Table 1. These studies suggest that abstinence from
smoking results in depressed cerebral metabolism in chronic
users, while acute exposure reverses this condition [13].

The initial study by Tunving et al. [32] showed subnor-
mal cerebral blood flow (CBF) in long-term cannabis users
who were assessed within 1 week of cessation of use. No
significant regional flow differences were noted in compar-
ison to normal age- and sex-matched healthy controls. In
four of the subjects, CBF returned to normal levels after the
washout period, that is, after allowing time for cannabinoid
residues to be eliminated from the body. Contemporane-
ously, Mathew et al. [16] assessed chronic users after 12 h of
abstinence and found no difference in CBF between chronic
marijuana users and normal subjects, but there was a trend

* Corresponding author. Tel.: +46-46-174955; fax: +46-46-152511.

E-mail addresses: thomas.lundqvist@labmed.lu.se (T. Lundqvist),
siegbert.warkentin@skane.se (S. Warkentin).

! Tel.: +46-40-331409; fax: +46-40-337875.

toward lower CBF values in the cannabis group [22], and in
an acute study, experienced smokers had a lower presmok-
ing baseline than controls [22]. In a study using positron
emission tomography (PET), Volkow et al. [34] injected
chronic marijuana users and nonusers with 2 mg A-9-
tetrahydrocannabinol (THC). Comparison of their preinjec-
tion measures revealed that baseline cerebellar metabolism
was lower in chronic marijuana users compared to controls.
In a single photon emission computed tomography (SPECT)
study, Amen and Waugh [2] found that 25 of 30 (83%)
marijuana users with attention deficit/hyperactivity disorders
(AD/HD) showed a decreased perfusion in the prefrontal
cortex compared to a non-marijuana-using AD/HD control
group. However, the marijuana group also demonstrated
marked decreased activity in the right and left temporal lobes.

Yurgelun-Todd et al. [36] assessed chronic marijuana
smokers twice with functional magnetic resonance imaging
(fMRI) after 24 h and 28 days. A visual working memory
task with known sensitivity was used as a cognitive chal-
lenge paradigm. The control subjects produced significant
activation in the dorsolateral prefrontal cortex (DLPFC)
during the challenge paradigm. Smokers who completed
24 h of washout showed diminished activation in this
region. The effect remained diminished after 28 days of
washout, although some increase in the DLPFC activation
was noted relative to the 24 h time point. In contrast,
smokers produced increased activation in the cingulate
during both washout conditions, whereas controls did not.
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Table 1

Brain imaging studies of the effects of acute and chronic cannabis use in humans

Number of Cannabis Total duration THC potency/
Method subjects/age  Frequency of use effect studied of use Total abstinence No other drugs administration Testing conditions®
Tunving et al. [32] 133eP 9/24.2 years ~ Minimum daily Chronic 9.8 years 5.8 days 3 months Not reported/none Rest
use for 6 months (range 3—12 days)
Mathew et al. [16] 133eP 17/25.5 years Minimum six joints Chronic 2.3 years 12 h 2 weeks Not reported/none Rest
per week for 6 months
Mathew et al. [18] 133eP 26/25.9 years Minimum 10 joints Acute/chronic 3 years/not 3 years 12 h 1 month 2.2%, 0.004%/smoke Rest
per week for 3 years
Volkow et al. [33] PET®, FDG! 8/34.0 years  Minimum one joint Acute Not reported 2 weeks 2 weeks 2.0 mg/intravenous Rest
every 2 months
Mathew et al. [18] 10/26 years 3 months 3.5%
Mathew et al. [19] 133%eb 35/27.1 years No marijuana Acute Not reported 2 weeks 1 year 3.58% 1.75%/smoke  Rest
<2 weeks
Volkow et al. [34] PET, FDG 8/31 years No marijuana Acute/chronic 5.5 years 18 months 72 h 2.0 mg/intravenous  Rest
<18 months
Mathew et al. [20] PET, '°0° 32/32.5 years No marijuana Acute Not reported 2 weeks 6 months 0.15 mg/min, Rest
<6 months 0.25 mg/min/
intravenous
Amen et al. [2] Spect 30/28 years ~ Weekly Chronic/AD/HD 1 year 24 h Not reported Not reported Rest
Mathew et al. [21] PET, 10 MRI 46/NR 147+ 165 joints 2 weeks 24 h Rest
per year
Yurgelun-Todd et al. [36] fMRI 8/NR Daily Chronic 5000 times in life 24 h, 28 days Not reported Not reported Activation
Mathew et al. [22] PET, *0 59/31.8 years Not reported Acute Not reported 2 weeks 6 months 0.15 mg/min, Rest
0.25 mg/min/
intravenous
Block et al. [6] MRI 18/NR Seven or more Chronic 2 years 24 h 30 days Not reported Rest
per week
Block et al. [5] PET, "0 18/24 years  Seven times Chronic 2 years 24 h Not reported Not reported Activation
per week for 2 years
Block et al. [7] PET, 'O 17/22.4 years Seven times Chronic 2 years 335h 30 days Not reported Rest

per week for 2 years

a

b

¢ Positron emission tomography.

d

¢ 150-water.

18F_2-fluoro-2-deoxyglucose.

Rest=the subject was instructed to rest, to relax, and not to think. Activation=measurements during a cognitive challenge paradigm.
133X enon inhalation technique.
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These results indicate that even after an extended washout
period, specific differential patterns of cortical activation
exist in subjects with a history of heavy marijuana use.
Using PET and a cognitive challenge paradigm, Block et al.
[6] found that chronic marijuana use was related to
decreased memory-related activation in users relative to
controls. The results revealed a number of between group
differences in prefrontal regions. Using PET in a resting
paradigm, the same authors [7] found that after 26 h of
controlled abstinence, 17 young frequent marijuana users
showed hypoactivity relative to controls in a large region of
bilateral posterior cerebellar hemispheres, vermis, and in left
and right ventral prefrontal cortex (Brodmann’s area 11).
Compared with average whole brain activity in controls,
marijuana users showed 9% lower values. Block et al. [5]
also used MRI to investigate brain structure in 18 young,
currently frequent marijuana users. The users showed no
evidence of cerebral atrophy or global or regional changes
in tissue volumes compared to controls.

Acute exposure to marijuana has consistently resulted in
increases in CBF measures among users. Mathew et al. [18]
reported that administration of marijuana cigarettes to inex-
perienced users lead to a reduction of CBF compared to the
baseline values, 60 min after smoking marijuana. On the
other hand, administration to experienced users produced an
increase of CBF (compared to the baseline) that reached
significance in the frontal regions bilaterally and left tem-
poral regions. In a successive study, Mathew et al. [20] gave
marijuana cigarettes of different potencies to subjects with a
history of cannabis use. The results showed a dose-related
increase in CBF, with the highest increase in the high-
potency cigarettes. In a PET study, Volkow et al. [33]
administered THC intravenously to eight male volunteers
with a history of cannabis use. Three of the subjects showed
an increase in brain metabolism compared to baseline,
whereas three showed a decrease and two showed no
change. The results suggested different individual responses
to the drug. In a subsequent study [34], chronic marijuana
users and normal subjects were injected with 2 mg THC.
Besides an increase in the global metabolism, the users also
showed regional metabolic increases in orbitofrontal cortex,
prefrontal cortex, and basal ganglia, which were not seen in
the normal group. Mathew et al. [19] also reported an
increase in blood flow after intravenous infusion of THC
to subjects with a history of marijuana use. The regional
flow increases reached statistical significance in frontal
regions, insula, cingulate gyrus, and subcortical regions.
The same authors in a recent study [21] also reported similar
regional findings of increased blood flow after cannabis
administration to experienced users.

In summary, cannabis produces various metabolic
changes in the brain. Long-term cannabis users appear to
have lower resting levels of CBF compared with non-
smokers. Administration of cannabis increases CBF and
brain metabolism in experienced users, while it decreases
CBF in nonusers. These effects have been particularly

apparent in frontal cortical areas. Cessation of chronic use
is hypothesised to lead to a decrease in the functional level
of the frontal lobes in experienced users shortly after
cessation. The washout period is important to consider.
The results from one study with a challenge paradigm
[36] indicate that even after an extended washout period
(28 days), specific differential patterns of cortical activation
exist in subjects with a history of heavy marijuana use.
Loeber and Yurgelun-Todd [13] postulate that a washout
period of 3 days is the minimum required in order to have
negligible levels of metabolites in the body. In the present
exploratory study of 14 long-term cannabis users assessed
within 5 days of cessation of cannabis use, CBF was
measured during resting conditions using the same '**Xe-
inhalation method as previously described by Tunving et al.
[32] and Mathew et al. [16,18].

2. Materials and method
2.1. Subjects

The characteristics of the cannabis group are shown in
Table 2. Fourteen subjects (mean age 29.8 years, S.D. 5.0)
were recruited from a detoxification unit (11 subjects) and
an outpatient clinic at St. Lars Hospital, Lund, Sweden
between 1987 and 1995. All subjects applied voluntarily to
the units for detoxification of cannabis. The cannabis users
had daily cannabis consumption estimated between 0.5 and
5-10 g (mean 2.4 g, S.D. 1.7) of mainly Moroccan hashish
with a content of about 6—8% THC [35]. The preceding
period of abuse was between 6 months and 21 years (mean
8.3 years, S.D. 5.6), with a total duration of abuse between 7
and 21 years (mean 12.3 years, S.D. 4.5). Users were
assessed within 5 days (mean 2 days) after cessation. All
had cannabis metabolites in urine at admission. All users
were right handed. Handedness was assessed by the Edin-
burgh Handedness Inventory [26]. Subjects with signs of
brain damage or history of psychiatric illness were excluded
based on a detailed medical history and a thorough somatic-
neurological examination. We also excluded subjects with a
history of alcohol or other drug use. All subjects were
cigarette smokers and met all seven criteria of Cannabis
Dependence according to Diagnostic and Statistical Manual
(DSM-1V) [3].

2.2. The reference group

An age-matched control group (n=14) served as a
reference in this study. Individuals were recruited among
right-handed, nonsmoking male university students. The
mean age of the sample was 27.8 years (S.D. 5.2, range
22-39). They were found healthy based on the results of an
extensive medical questionnaire. Handedness was assessed
by the Edinburgh Handedness Inventory [26]. All subjects
were informed in detail about the measurement procedure
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Table 2
Characteristics of the cannabis group

Duration of Time between
Cannabis Frequency preceding period Total duration end of abuse and
Age (years) Case consumption (g/day) of use of abuse (years) of abuse (years) measurement (days)
Male, 39 1 2 Daily 2 19 2
Male, 33 2 2-4 Daily 7 7 1
Male, 24 3 2 Daily 8 9 3
Male, 35 4 3-4 Daily 21 21 2
Male, 23 5 2 Daily 4 8 1
Male, 28 6 1 Daily 0.5 14 1
Male, 34 7 0.5 Daily 14 14 3
Male, 36 8 1-2 Daily 15 15 2
Male, 29 9 4 Daily 11 12.5 2
Male, 23 10 1 Daily 7 7 1
Male, 29 11 1 Daily 10 10 1
Male, 30 12 5-10 Daily 9 15 1
Female, 27 13 2 Daily 4 7 2
Female, 27 14 3-4 Daily 3.5 14 5

and purpose of the study before acceptance to participate by
requirements of the ethical committee. The Ethics Commit-
tee and the Radiation Safety Committee at Lund University,
Sweden approved the study.

2.3. Urine tests

Emit®ll SB3 [4] was used in the routine clinical assess-
ment of substances in urine. This assessment was done at
admission to the detoxification unit. All patients showed
high or very high concentration of cannabis metabolites
(80—100 g/). Absolute values above 100 g/l were not
reported as they are of no clinical value. No evidence of
central stimulants, opiates, barbiturates, and tranquilisers
was seen in the subjects’ urine. Urine sampling was super-
vised for authenticity.

2.4. CBF measurements

Measurements were made by the '**Xe inhalation tech-
nique using a high-resolution system (Cortexplorer 256 HR;
Ceretronix, Randers, Denmark) with 254 stationary detec-
tors [10 x 10 mm Nal(Tl) crystals] mounted in a pneumat-
ically controlled helmet. The system adjusts for differences
in head size and shape, and the position of the head is
standardised in relation to bony landmarks (nasion and ear
channels) by means of light crosses [28]. This makes it
possible to reposition the subject accurately in successive
measurements. A minute of '**Xe inhalation (70—100 MBg/
1) was followed by 10 min of normal air breathing according
to the standard procedure [24]. Before the administration of
the isotope, the background activity was measured (30 s for
the first measurement and 5 min for the repeated measure-
ment) [27]. The measurement procedure was carefully
explained before the study and the subjects were instructed
to keep their eyes closed under the eye pads and to relax
without falling asleep. Noise levels from various mechanical
sources were kept at a minimum. The Initial Slope Index

(ISI), a predominantly grey matter flow parameter [29], was
chosen as a measure of cortical blood flow due to its high
stability and reliability [25].

Arterial PaCO, was estimated from recordings of end-tidal
CO, concentrations (Ohmeda gas-analyser), and the variation
in PaCO, was corrected to a level of 40 mmHg using the
standard procedure [23]. To ensure that subjects were relaxed
during the measurement procedure, heart rate and respiratory
rate were monitored during each measurement.

2.5. Statistical analysis

The raw values of each probe were used to compute
the mean hemispheric flow values (CBF). Between-group
differences in CBF values were analysed by Mann—
Whitney U-test after a correction to a standard PaCO,
level of 40 mmHg [23]. In addition, the raw values were
transformed into distribution-normalised values (in per-
centage of the hemispheric mean). Thus, the analyses
were based on both raw values and distribution-normal-
ised values. To reduce the probability of type I errors, the
254 probes were combined into 14 regions of interest,
seven for each hemisphere (see Tables 3 and 4). The

Table 3
Regional cerebral blood flow (percentage of hemispheric mean)

Cannabis users (n=12) Normal controls (n=14)

Region Right Left Right Left

Prefrontal 104.7+2.1 1043+24  107.0£4.6 1053+3.2
Superior frontal 100.7+1.6* 100.7+1.5 102.0+£1.6 101.6+2.0
Frontotemporal ~ 104.0+£2.3 102.6+1.5 103.9+22 103.0+2.3
Temporal 100.8+1.3**  100.0+1.8*  98.6+2.0 97.9+2.1
Central 97.1+1.8 96.9+1.8 98.1+1.7 97.2+2.0
Parietotemporal ~ 98.1+1.5 98.0+1.6 984+1.8 97.9+2.0
Occipital 98.7+3.1 99.3+3.3 96.9+3.1 97.7+£33

Figures denote means and standard deviation.
* P<.05.
** P<.01 (Mann—Whitney U-test).
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Table 4
Regional cerebral blood flow (absolute values)

Cannabis users (n=12) Normal controls (n=14)

Region Right Left Right Left

Prefrontal 553+7.8* 5524847 62.4+8.0 61.4+7.4
Superior frontal ~ 53.4+7.6* 53.4+73" 595165 59.3+£6.7
Frontotemporal 550827  543+7.7" 605462  60.1£6.6
Temporal 53.3+7.1 52.9+7.0 57.5+5.5 57.2+£5.7
Central 51.6+7.1* 51.4+£69" 573+62 56.8+6.4
Parietotemporal ~ 52.1 +6.9 51.8+6.7"  57.5+6.0 57.2+6.1
Occipital 52.5+7.1 52.5+6.8 56.6+5.4 57.0+5.6

Figures denote means and standard deviation.
* P<.05 (Mann—Whitney U-test).
f p<.10.

mean of the probe distribution values for each region was
determined, and these values were used in the regional
analysis. Spearman’s coefficient was used to discern
patterns of regional intercorrelation.

3. Results
3.1. Mean hemispheric blood flow (CBF)

The PaCO,-uncorrected flow values in the cannabis
group [50.9 (0.1) and 51.2 (10.5) for the right and left
hemispheres, respectively] were significantly lower
(P<.03) than in the normal reference group [56.0 (5.6)
and 55.6 (5.7)]. However, the arterial PaCO, value for the
cannabis group [34.4 (4.0)] was lower than in the normal
reference group [36.5 (3.1), P<.13]. Thus, we calculated
the CBF values after a standard correction procedure to
40 mmHg [23]. The corrected mean hemispheric flow
values were not significantly different between groups:
55.4 (9.2) and 55.2 (8.8) for the cannabis group and 58.5
(6.0) and 58.2 (6.2) for the normal subjects. Since women
have been shown to have higher CBF than men [30], the
two women were excluded from the cannabis group. The
control group exclusively consisted of men. After this
correction, the mean hemispheric values in the cannabis
group decreased to 53.1 (7.3) and 52.9 (7.1), respectively,
and there was a trend towards a significant group difference
(P<.06) for both hemispheres. It is interesting to note that
the difference in mean CBF between the cannabis users and
the normal subjects (9%) was similar to that reported by
Tunving et al. [32] who also investigated male subjects.

3.2. Regional distribution values

When regional CBF was expressed in terms of percen-
tages of the respective hemispheric means, a highly sig-
nificant augmentation in flow could be observed bilaterally
in the temporal lobe in the cannabis users as well as a
significant hypofrontality restricted to the right superior
frontal lobe (Table 3).

On the other hand, when the same comparisons were
based on absolute blood flow levels, the temporal augmen-
tation in flow disappeared. Instead, a significant reduction or
trend (P <.10) toward a reduction in blood flow could be
seen in the cannabis users in all regions but the temporal and
occipital lobe. Differences in comparisons with controls
were more prominent in the right hemisphere (Table 4).

The augmentation in flow detected in the temporal lobes
of cannabis users when data are presented in percentages
thus appears to be an artefact and the result should rather be
interpreted as preservation or a not so drastic reduction as
seen in other regions of the cerebral cortex. Also, the
occipital region seems relatively resistant to long-term
cannabis use according to these measurements.

No significant correlation was seen between the regional
flow values and the preceding or total duration of cannabis
use or cannabis consumption.

4. Discussion

This study supports previous findings of decreased CBF
values with lower regional flow in frontal regions after long-
term cannabis use. Before discussing the findings, some
limitations of the present study must be considered. The
sample was small and may not be representative of cannabis
users overall. The majority of the subjects included in our
study were motivated to abstain from cannabis and chose
hospitalisation to succeed. Thus, we do not know whether
cannabis users who were not motivated to apply for help or
who had a shorter duration of abuse would differ to those
included in the present study. There may be a number of
confounding factors, which could have influenced our
findings. Tobacco smoking is a clear confound as all of
the cannabis users smoked tobacco while our reference
group consisted only of nonsmokers. However, in contrast
to our findings, Hagstadius and Risberg [10] reported no
significant difference in mean CBF between tobacco smok-
ers and nonsmokers. The regional differences observed here
between cannabis users and nonusers have also been related
to high levels of anxiety [12] which were not measured in
this study.

4.1. Mean hemispheric flow

In this study, we measured CBF in cannabis subjects
shortly after cessation of use. The results showed a trend
toward reduced flow for both hemispheres in the cannabis
group compared with normal control subjects. These results
are consistent with previous research (e.g. Tunving et al.
[32], Mathew et al. [18], and Volkow et al. [34]).

4.2. Regional CBF

We also found significantly lower regional flow values in
the right prefrontal, superiorfrontal, and central areas. This
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is consistent with Mathew et al.’s [18] findings but not with
Tunving et al.’s [32]. The reason for this discrepancy
between studies is unclear. The variation in findings cannot
be explained by differences in cannabis consumption, fre-
quency of use, or the total duration of use. Thus, the
cannabis groups were clinically similar to each other in
terms of abuse. One possible explanation may pertain to
methodological differences between Tunving’s and our
study. The spatial resolution of the 32 detector system for
two-dimensional measurements used in Tunving’s study
was relatively poor (in the order of 3—5 cm). This may
have limited the possibility of describing more narrowly
localised cortical blood flow changes compared to the high-
resolution system used in our study (1 cm). More impor-
tantly, however, we believe that an explanation might be
found in the fact that subjects were studied at different time
points after cessation of use. The mean duration between the
last cannabis use and measurements in Tunving’s study was
5.8 (range 1-12) days, whereas we assessed our subjects
after a mean period of 1.6 (1-3) days after cessation. This
difference in time of assessment after cessation may be an
important factor because the terminal half-life of THC is
between 1 and 7 days with an average of 2—5 days [1].
Thus, it might well be the case that if subjects are assessed
within the terminal half-life of THC, brain imaging findings
will reflect the lingering effects of drug residues to a higher
degree than when subjects are assessed at a later stage of
abstinence. Consistent with this hypothesis, Mathew et al.
[18] reported lower frontal values in experienced cannabis
users who were assessed within 12 h of cessation. A
washout period of 3 days should be the minimum in order
to have negligible levels of cannabinoid metabolites in the
body [13].

The interpretation of findings from previous studies and
reduction to a single definitive theory is difficult because of
a number of factors aside from the time of assessment after
cessation. Changes in brain function may also relate to
different models of administration. Thus, the effects of
cannabis on brain function and metabolism might differ
according to whether effects of detoxification are studied,
whether cannabis is administered to inexperienced or to
experienced users, and whether subjects are given THC in
experimental doses, either orally or intravenously. Taken
together, the results of most studies suggest that the acute
effects of cannabis or THC differ in inexperienced and
experienced subjects. These differences in response to the
drug might relate to variations in the brain’s adaptation to
the exposure of cannabis.

It has recently been reported that cannabis may have an
effect on the cerebral vasculature. Hillard [11] reports from a
review of endocannabinoids and vascular function that in
the cerebral circulation, cannabinoids reduce vascular
smooth muscle cell calcium influx and cause vasodilatation
directly through CB1 receptors. This finding is consistent
with evidence reported by Mathew et al. [17] that marijuana
produces an increase in CBF in humans that is not due to

changes in sympathetic regulation of the cerebral circula-
tion. It may also be the mechanism by which marijuana
impairs cerebral autoregulation in response to changes in
posture. This vasodilatory effect confirms previous findings
by Ellis et al. [8] who reported that low concentrations of
cannabinoid increase the diameter of cerebral vessels and
thus increases blood flow. It is possible that blood flow
increases, which have been reported after acute administra-
tion of THC, could reflect vasodilatory properties of the
drug rather than primary functional changes in the brain’s
neurones. To what extent hemodynamic factors may play a
role in this context is still not understood. Gebremedhin et
al. [9] showed that the maximum increase in CBF was seen
after 90 min, which is well within limits of most experi-
mental studies. However, it seems unlikely that such hemo-
dynamic effects could have influenced our findings, as we
assessed the subjects after a mean period of 1.6 days and
found decreased blood flow.

It is unclear to what extent the lower level of flow
values found in this study corresponds to individual cog-
nitive capacity. Cannabis-induced cognitive dysfunction
was found in the same group of cannabis users in another
study [14] and was likened to a prefrontal impairment. The
reduced blood flow, as seen in this study, may be a
reflection of the passivity and bluntness seen in long-term
users not being acutely intoxicated, and the increased blood
flow observed after acute administration in other studies
may reflect an effort to compensate for the impairing
effects of cannabis and overt attempts to improve in
cognitive functioning.
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