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Abstract
Acute and chronic exposure to cannabis and its main psvchouactive component, A9-tetrahydrocannabinol
(THC), is associated with changes in brain function anc c’.re%ral blood flow (CBF). We therefore sought to
systematically review the literature on the effects of THC -7 CBF following PRISMA guidelines. Studies
assessing the acute and chronic effects of THC ~.., ©b.” perfusion and volume were searched in the
PubMed database between January 1972 and 'uns. 2019. We included thirty-four studies, which altogether
investigated 1,259 humans and 28 animals. Acute ~nd chronic THC exposure have contrasting and
regionally specific effects on CBF. While ac.*e THC causes an overall increase in CBF in the anterior
cingulate cortex, frontal cortex and insula, =~ a u ~se-dependent manner, chronic cannabis use results in an
overall reduction in CBF, especially in the p e1-untal cortex, which may be reversed upon prolonged
abstinence from the drug. Future studi-s ~huuld focus on standardised methodology and longitudinal
assessment to strengthen our unders..nding of the region-specific effects of THC on CBF and its clinical
and functional significance.



Acute and chronic effects of 9-tetrahydrocannabinol
(THC) on cerebral blood flow: A systematic review

. . . . . 9
Acute and chronic exposure to cannabis and its main psychoactive component, -

tetrahydrocannabinol (THC), is associated with changes in brain function and cerebral blood
flow (CBF). We therefore sought to systematically review the literature on the effects of THC
on CBF following PRISMA guidelines. Studies assessing the acute and chronic effects of
THC on CBF, perfusion and volume were searched in the PubMe " database between January
1972 and June 2019. We included thirty-four studies, wki~i, Zitogether investigated 1,259
humans and 28 animals. Acute and chronic THC expc-ure have contrasting and regionally
specific effects on CBF. While acute THC causes an ~vcrall increase in CBF in the anterior
cingulate cortex, frontal cortex and insula, in a 1cse dependent manner, chronic cannabis use
results in an overall reduction in CBF, es|.2Claily in the prefrontal cortex, which may be
reversed upon prolonged abstinence fron, the drug. Future studies should focus on
standardised methodology and long:tdi .al assessment to strengthen our understanding of the

region-specific effects of THC 21, ©BF and its clinical and functional significance.
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Introduction

Cannabis is one of the most widely used drugs with over 180 million of the world’s population
consuming it annually (UNODC, 2016) thus understanding its effects on the brain is paramount. As the

decriminalisation and legalisation of cannabis spreads, it is important to understand the effects of

cannabis and its main psychoactive ingredient 9-tetrahydrocannabinol (THC). THC is a partial agonist at

CB1 and CBy receptors which are mainly expressed in the central ne: ‘ous system (CNS) and immune

cells respectively (Ashton, 2001; Pertwee, 2006). Acute intoxica.'on and chronic heavy administration of
cannabis have been associated with a range of effects, with ,otential long-term deleterious effects of
particular concern in adolescence. Chronic heavy use ~f the arug is associated with increased risk of
dependence, psychosis and affective disorder (Vo.-ow et al., 2014). Whilst there is some evidence of
recovery following abstinence, it remains unn.swn if these effects can be completely reversed upon
prolonged abstinence from the drug (Pope et ol., 2001). Positive subjective acute effects i.e. the ‘high’,
include euphoria, relaxation and sensc:y inwnsification. Adverse acute effects include anxiety, paranoia,

impaired psychomotor performance cnd cognitive function (Broyd et al., 2016; Curran et al., 2016). The

acute psychoactive effects of .~ u.ug result from its effects on CBq receptors (Huestis et al., 2007).

Cannabinoid receptors are hichly and widely distributed in the brain. The areas of the brain with the
highest receptor expression include the cerebellum, amygdala, frontal lobes and basal ganglia
(Herkenham et al., 1990; Glass, Faull and Dragunow, 1997). Cannabinoid receptors are also located in
and around the vasculature. When administered acutely, THC and several endocannabinoids consistently
induce vasodilation (Ho and Kelly, 2017). Acute cannabis use also results in tachycardia with varied

effects on blood pressure (Ho and Kelly, 2017).



As the brain requires ~20% of the body’s oxygen for normal function, regulation of CBF is
paramount for organism survival. It is widely known that cannabis induces effects on vasculature in
a region-specific and dose-dependent manner, including for example, the conjunctival vasodilation
observed during acute cannabis intoxication (Martin-Santos et al., 2010). Yet, effects on cerebral

vasculature are often overlooked in the literature. THC binds to type 1 endocannabinoid receptors

(CB1Rs) that are present in arterial tissue (Bilfinger et al., 1998) and regulate the microvascular

environment via dose-dependent dilation of cerebral arterioles (El'is, Moore and Willoughby, 1995;
Filbey et al., 2017). For this reason, it is unclear whether TH” -1, duced effects are due to direct
effects on vasculature and/or indirect metabolic changes; ¢nd he relative contributions of these
factors to cerebral and cognitive function. A series of prucnssas, including autoregulation, maintain
resting CBF (Cipolla, 2009). Region-specific changes "n nearal activity, and subsequent metabolic
demand, are tightly coupled to changes in regirnar C3F (Heiss, 1981). This is in part due to the
relationship between removal of metabolic ~7ste and the supply and use of oxygen and glucose.
During functional activation therefore, boti, ©BF and neural activity increase (Paulson et al., 2009).
Changes in regional CBF have beer. asscciated with several neuropsychiatric disorders including
anxiety, psychosis and schizophre.ria (Hasler et al., 2007; Kaczkurkin et al., 2017; Kindler et al.,
2017). Given the associations he. *zen altered CBF and neuropsychiatric illness, together with a lack
of a precise mechanistic u..erstanding of how chronic cannabis exposure induces vulnerability to

illness, it is therefore important to understand the acute and chronic effects of THC on CBF.

Previous reviews (Quickfall and David Crockford, 2006; Chang and Chronicle, 2007; Martin-
Santos et al., 2010; Batalla et al., 2013; Lorenzetti, Solowij and Ylcel, 2016) have not focused

directly on the effects of THC and cannabis on CBF. Moreover, previous reviews have not included



neuroimaging and non-neuroimaging studies in both humans and animals and so it is timely for these

studies to be systemically reviewed together.



Methods

This review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) statement. We performed an electronic search using PubMed

and the following Boolean inputs “(THC OR MARIJUANA OR Cannabis OR tetrahydrocannabinol)
AND “cerebral blood flow”” and included any items published before 27th June 2019. We then

screened the abstracts of the reference list of systematic reviews identified in this initial search to
identify any additional studies that met our inclusion criteria. Our *~<lucion criteria were as follows:

(1) Studies measuring the effects of acute THC and/or canrauic exposure on cerebral blood flow,
volume or perfusion in humans and other animals; (2) Studie. measuring the effects of repeated THC
and/or cannabis exposure on cerebral blood flow, volums o, nerfusion in humans and other animals;

(3) Studies measuring the effects of repeated THC a. 4/%r cannabis exposure on cerebral activation in
resting state in humans and other animals; () S.udies measuring the effects of acute THC challenge
on cerebral activation in resting state in n:mans and other animals. Our exclusion criteria were as
follows: (1) single case reports; (2) S*'dice measuring the effects of chronic or acute THC challenge
on cerebral activation during a cc nitive task in humans and other animals; (3) Studies written in
language other than English’ (4, Studies measuring the effects of maternal THC consumption on
foetal cerebral blood flow, ‘oiume or perfusion in humans and other animals; (5) Studies selecting

participants from outpatient clinics



Results

Two-hundred and thirty total papers/records were identified for screening — 169 records
identified through database searching and 61 additional records identified in reviews. After removing
duplicates, 134 records remained. We then screened these 134 records and found that after initial
screening, 90 either did not meet our inclusion criteria or met one of our exclusion criteria. Forty-
four full-text articles were then assessed for eligibility and 10 records were excluded after full-text
analysis. Therefore, 34 studies were included for data synthecis. These studies were grouped
according to subject species (human/animal) and effect riea.'ired (acute/chronic) producing 4
subgroups (for more detailed information, see Fig. 1). Threc studies measured the effects of acute
THC challenge or cannabis on cerebral blood flow in arimc's. Thirteen studies measured the effects
of acute THC/cannabis challenge on cerebral blaoc fiow in humans. Only 1 study measured the
effects of repeated THC challenge or cannai.is rn cerebral blood flow in animals. Finally, 19 studies
measured the effects of repeated THC cha!'enge or cannabis on cerebral blood flow in humans. In
total, the effects of THC challenge cr ca~.abis on cerebral blood flow was assessed in 28 animals

and 1259 humans.

Acute THC challenge or «.~uwe cannabis effects on cerebral blood flow (CBF) in humans (Table

1)

13 studies using acute drug challenge in humans matched our inclusion criteria. Of these: 3

used 133Xe inhalation, 2 used Transcranial Doppler flowmetry (TDF), 7 used 15O-Water positron

emission tomography (PET) and 1 study used Arterial Spin Labelling (ASL) to measure CBF and

perfusion. For ease of comparison, we will present the studies according to the method used.



Mathew et al. (1992a; 1992¢) used TDF to demonstrate that inhalation of a ‘joint’ (THC =
3.55%) with tobacco significantly increased middle cerebral artery (MCA) velocity, and therefore

global cerebral blood flow, at rest. Both studies also measured heart rate (HR), blood pressure (BP)

and partial pressure of mean expired CO, (PeCO»,) showing no association between these variables

and MCA velocity. Despite methodological heterogeneity and small sample sizes, the evidence from
both studies suggests that acute THC increases cerebral blood flow at rest in those with a previous,

yet brief, history of exposure to cannabis.

In a series of experiments using 133Xe inhalation Mc.thew et al (1989; 1992b; 1993)

demonstrated significant changes in global and regionzi C3F following THC administration in a
crossover design. A joint-year is used in many studies 2s « measure of cumulative life exposure to THC.
One joint-year is equivalent to smoking 365 joints i.~. 1 joint a day, every day for a year. Firstly, the CBF
of “experienced” (i.e. >4 joint-years) and “inex, rienced” (i.e. those that had not smoked cannabis for a
minimum of 3 years) cannabis users were me2sured following smoking of a medium-potency (THC =
2.2%) joint. An hour after smoking w. joint’, a significant decrease in global as well as frontal,
temporal, occipital, central and pe+ie.>! CBF was observed within “inexperienced” cannabis users, when
compared to their CBF follov. ... a placebo cigarette. However, “experienced users” had no significant
change in CBF when coniared to placebo (Mathew, Wilson and Tant, 1989). Mathew et al.
(19922a;1993) measured changes in CBF following inhalation of a high-potency (THC=3.55%) and low-
potency (THC = 1.75%) joint in a randomized, double-blind trial of 20 males with previous exposure (at
least one use) to cannabis and 35 regular cannabis users (minimum of 4 joint years) respectively. In the
analysis, both studies corrected for HR, respiratory rate (RR), BP, end-tidal CO and forehead skin
perfusion and demonstrated THC-induced CBF increases particularly in the frontal cortex, right
hemisphere and anterior regions of the brain, at both THC doses. Mathew et al., (1993) also used TDF to

measure MCA velocity in 10 of the participants whereby MCA velocity was not
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related to changes in global CBF in any of the participants. Seven studies used 15O-water PET to

measure CBF in specific areas of the brain. All of the 7 studies, except one, demonstrated an increase
in global CBF after THC administration (Mathew et al., 1997, 1998, 1999, 2002; O’Leary et al.,
2000, 2007). O’Leary et al. (O’Leary et al., 2002) did not show this significant increase but did show
increased rCBF in the frontal cortex, insula, cingulate gyrus, temporal poles and cerebellum. This
change in CBF in temporal poles and cerebellum was also reported in 2 other studies belonging to
this subgroup (O’Leary et al., 2000; O'Leary et al., 2007). Five of the studies also showed significant
increased CBF in the frontal cortex, insula and cingulate gyrus ("via."ew et al., 1999, 2002, O’Leary
et al., 2000, 2002, 2007). Another common finding amongst mos. of the studies was a marked CBF
increase in anterior regions of the brain. Three of these st..u:*s demonstrated THC-induced decreased
CBF in both the visual and auditory cortices (O’Leary ¢ al., 2000, 2002; O'Leary et al., 2007). Van
Hell et al. (2011) used ASL to assess the effects o1 ccute THC on both global and region-specific
perfusion. They demonstrated that acute T+.” .ncreased perfusion in the anterior cingulate, frontal
and insula cortex (very similar to evidence fund in the PET studies) and decreased perfusion in the
right post-central gyrus and both occ’,.*ta, Zyri. Despite varying doses, methodological heterogeneity
and in some cases not matching su.niects for handedness or sex, the consistency of the results across
the studies suggests that acute Tr:~ challenge causes a region-specific change in CBF — most notably

an increased CBF in the fro. tai cortex, insula and cingulate gyrus.

Acute THC and cannabis effects on cerebral blood flow (CBF) in animals (Table 2)

Three studies on the effects of acute THC or cannabis challenge on CBF in animals matched
our inclusion criteria. Ellis, Moore and Willoughby (1995) assessed the effect of THC on cerebral

circulation through topical application to young male New Zealand white rabbit cerebral arterioles in
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vivo, measuring vessel diameter using microscopy. They demonstrated that flushing THC through the
arteriole caused dose-dependent vasodilation (maximum dilation at 22% THC) with no alteration of
mean cerebral arterial blood pressure. The effect of an intravenous (IV) THC (100pg/kg) injection on
cerebral circulation of 4 adult male mongrel dogs was assessed by Beaconsfield et al. (1972), measuring
CBF directly by the venous outflow technique. They demonstrated that THC led to a 5-12% increase in
cerebral venous outflow. However, they did not correct for changes observed in heart rate (HR), systolic
pressure and therefore pulse pressure which would influence venous outflow. Bloom et al. (1997)
provided a more methodologically rigorous quantification of the effec,- of THC and its active metabolite,
11-OH-THC, on CBF. They injected groups of 4-6 rats with one ¢f 6 V drug treatments: 0.5, 1, 4, 16
mg/kg THC; 4 mg/kg 11-OH-THC; or vehicle, and used the f ee’ riiffusible tracer method (Sakurada et
al., 1978) to measure regional CBF (rCBF) autoradiograp!icai y. Significant THC-induced decreases in
rCBF were observed in the hippocampus, entorhinal cortex, trontal and medial prefrontal cortex and
basal ganglia. Significant increases in rCBF v.~re seen mainly in the arcuate nucleus of the
hypothalamus. However, the THC dose thresho. for rCBF decreases ranged from 0.5mg/kg to 16mg/kg,

the latter of which is an extremely large do<e u.~t far exceeds those of human use or experimental studies.
They did not correct for the significar ¢ n.>rease in pCO2 which is a factor known to effect CBF as CO»
causes vasodilation to increase gi.~0se and oxygen reaching the metabolising tissue (Cipolla, 2009).

However, as the majority of the .ireas saw a decrease in rCBF, it is unlikely that correcting for pCO»

would have altered the results significantly. This is because increased CO2 would increase CBF, however

as a decrease in rCBF was reported, it would mean that the COj2-mediated increase in CBF was

overridden by the THC-induced decrease in rCBF. Despite the methodological heterogeneity, small
sample size and limitations in addressing potential cardiovascular confounds, the evidence from these 3
studies suggests that acute THC increases global and alters rCBF in a region-specific, dose-dependent

manner.
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Repeated THC challenge and chronic cannabis effects on cerebral blood flow (CBF) in humans

(Table 3)

Seventeen studies matched our inclusion criteria in this category. Of the 18 studies, 3 used
133, . . 15 . .
Xe inhalation, 3 used Doppler ultrasound, 7 used = O-water PET, 1 used single-photon emission

computed tomography (SPECT), 2 used Magnetic Resonance Imaging (MRI) and 1 study used
Arterial Spin Labelling (ASL) to measure CBF and perfusinn. In 12 of the studies, CBF
measurements were taken in resting state only. Whereas in = uther 7 studies, participants
performed a variety of tasks which would influence both regisna: and global CBF measured. Firstly,

we will focus on the studies that measured CBF at rest on"’

. 133, . . . . .
Three studies used ~ Xe inhalation to combai. ZBF in long-term cannabis users after cessation

versus controls. Tunving et al. (1986) found u.~ global CBF was significantly lower in cannabis users

compared to controls but found no significont regional flow differences after correcting for partial

pressure of CO» in arterial blood (PaC7-, Lundgvist et al. (2001) used the same method to measure CBF

and demonstrated that chronic car.mawn.~ users (0.5-10g hash with 6-8% THC daily for 0.5-21 years) had

hypofrontality when compared tu controls after correcting for P,CO» and PECO2. However, Mathew et

al. (1986) found no significar differences between chronic cannabis users (>0.4 joint-years) and age-
and sex-matched controls. Jacobus et al. (2012) used ASL to compare CBF in chronic cannabis users
(>0.5 joint-years) and demographically matched controls. After correcting for significant differences in
alcohol, tobacco and other drug use, compared to controls cannabis users had reduced CBF in the left
superior and middle temporal gyri, left insula, medial frontal gyri and left supramarginal gyrus. They also
described increased CBF in the right precuneus in users compared to controls. However, after 4 weeks of

cessation (confirmed by urinalysis and self-report) there were no significant differences in CBF between

the two groups. Two studies used 15O-Water PET to measure
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CBF at resting state in chronic cannabis users. Block et al. (2000) provided evidence to suggest that
chronic cannabis users (>7 times weekly) had lower rCBF in the posterior cerebellum and ventral
prefrontal cortex and higher rCBF in the right anterior cingulate gyrus when compared to controls.
Wilson et al. (2000) measured global CBF and found evidence to suggest that males who had a younger
age of first use had a significantly higher global CBF compared to those who started later. Three studies
used Doppler ultrasound to analyse resting cerebral blood velocity in chronic cannabis users (Herning et
al., 2001, 2005; Herning, Better and Cadet, 2008). Each study used different criteria to define chronic
cannabis use: aligned with DSM criteria for cannabis abuse, 2-350 101 .*s per week, and used cannabis
>14 times in the past 30 days respectively. All 3 studies proviu.™ evidence to suggest that pulsatility
index, systolic velocity and therefore cerebrovascular resistan.~ in the ACA and MCA are increased in
chronic cannabis users after cessation compared to controls. ~nis change in cerebrovascular circulation
did not change after 30 days of abstinence or differ .».(w2en severe and moderate cannabis users. Two
studies used MRI to compare resting CBF ',etw 2zen chronic cannabis users and healthy comparison
controls. Sneider et al. (2008) described, us.7g Dynamic susceptibility contrast MRI (DSC-MRI), chronic
cannabis users (>13 joint-years) to have ‘nc-eased blood volume in the right frontal cortex, temporal
cortex and cerebellum. However, s muor to Herning et al’s (2005) findings, after 28 days, all of the
regions, except the left tempc.~l a.d cerebellum which had an increase in blood volume, had no
significant difference wh.~ ccmvaring the two groups. Filbey et al. (2017) used Phase Contrast MRI
(PC-MRI) to measure CBF i1 chronic cannabis users (>13 joint-years, daily use in previous 60 days) and
unmatched controls (significantly greater females in control group). In this way, they provided evidence

to suggest that cannabis users had higher rCBF in the right pallidum and putamen but overall no
significant global difference in CBF when compared to controls. Reeves et al. (2007) used 9ngc-
HMPAOQO SPECT at rest in long-term daily cannabis users (>5 joint-years). However, results differed

among the 6 cases and there was no control group used which limits the ability to interpret these findings.

In summary, the evidence suggests that while some
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findings are mixed, chronic cannabis users typically have lower global CBF than nonusers.
Additionally, chronic cannabis use is associated with region-specific effects on CBF, with the most
consistent decrease occurring in the frontal region. There is some evidence to suggest that these
effects may be reversible upon prolonged abstinence. However, this is based on a limited number of

studies and these often used self-report methods.

. . 15 . . . . .
Five studies used “~~O-water PET to compare chronic cannabis users with occasional/non-using

controls when performing a task. Vaidya et al. (2011) showed chrcnic 'sers (>1.7 joint-years) to have a
greater increase rCBF in the ventral medial prefrontal cortex ar.1 ce ebellum when performing the lowa
Gambling Task (IGT). Bolla et al. (2005) described chro e ~annabis users (>1.4 joint-years) to have
lower rCBF in the orbitofrontal cortex, prefrontal cortex, righc cerebellum and right orbital gyrus but
increased activation in the left cerebellum wtn performing the IGT. Both studies showed a
dose/duration-related response, suggesting tha.  icreased cannabis use is associated with greater rCBF
response to achieve the same result. Simi'arly, Block et al. (2002) and O’Leary et al. (2003) provided
evidence to suggest that chronic canrawu’s users (>8 joint-years and unknown joint-years respectively)
have lower rCBF in the frontal 'ouc (subdivisions were not investigated further) when performing a
variety of tests (memory and ..'t-pdced counting tasks respectively). Block et al. (2002) also reported
chronic (>6 joint-years) cani.”bis users to have a greater increase in rCBF in parts of the cerebellum
during a memory task. O’Leary et al. (2003) also described chronic cannabis users (average of 10 joint-
years) to have higher increases in rCBF in the left fusiform gyrus, pulvinar nucleus and left caudate
nucleus and lower rCBF in the cerebellum. Eldreth et al. (2004) compared chronic cannabis users (>1.1
joint-years) after 25 days of inpatient abstinence to matched controls performing the Stroop task. The
Stroop task typically increases rCBF in the anterior cingulate cortex and lateral prefrontal cortex. They

demonstrated that the chronic cannabis group had decreased activation in the prefrontal
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cortex and anterior cingulate cortex, and increased activation in the hippocampus, left occipital lobe

and paracentral lobule when compared to the control group.

Although there is great variability between the results of the chronic cannabis studies,
preliminary evidence suggests that there may be some reversibility towards the effects that cannabis
has on CBF. Also, evidence suggests that chronic cannabis users either have to recruit the same
neural network more strongly when performing the same task or increase activation in compensatory
circuits to achieve the same result. However, standardized met-.~doiogy is required to draw any

region-specific conclusions on the effect of repeated THC on . Bi”

Repeated THC challenge and chronic cannabis effecte o.. cerebral blood flow (CBF) in animals

Only 1 study matched our inclusior. critzria in this category. The study by Hayakawa et al.
(2007) investigated whether tolerance ac./eloped to the vasodilatory effect of THC following
repeated treatment. Two groups of m~le »ice underwent THC treatment schedules followed by 4hr
MCA occlusion. The first group . ‘ere given intraperitoneal THC immediately before and 3h after
MCA occlusion. The second arocn were given intraperitoneal THC immediately before, 3h after and
once a day for 14 days atw.* iviCA occlusion. Laser-Doppler flowmetry was used to measure CBF
both during and after the MCA occlusion. In this way, they demonstrated that THC increased CBF in
the left cortex significantly during the occlusion. However, after 2 weeks of daily THC treatment the
CBF decreased significantly below the initial recorded value. This suggests that tolerance develops

to the THC-induced increase in CBF.
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Discussion

To our knowledge, this is the first ever systematic review on the effects of THC on cerebral
blood flow (CBF). The evidence reviewed suggests that acute THC challenge causes an overall
increase in CBF — particularly in the anterior cingulate cortex, prefrontal cortex and insula — in a
dose-dependent manner. However, the evidence assessing the chronic effects of THC suggests that it
leads to an overall decrease in CBF, particularly in the prefrontal cortex, and that these effects have
the potential to be reversed upon prolonged abstinence from the w.1g. These results are important
because CBF and brain function are highly correlated, suggestiny thut observations found in BOLD
fMRI may be skewed by residual THC effects on CBF. T.e . fects observed in both humans and
animals provide evidence to support three previously -epo ted potential mechanisms of THC on
CBF: (1) direct vasodilatory effect independent i ieuronal activity thus increasing blood flow

(elucidated by the topical application of TH” o.. rabbit arterioles (Ellis, Moore and Willoughby,
1995; Wagner et al., 2001; Ho and Kelly, 201."; (2) activation of CB1 receptors leading to region-
specific changes in CBF, including vas>ci...ion and subsequent increase of blood flow (O’Sullivan

et al., 2005; O’Sullivan, Kendall aia ®andall, 2005) (3) downregulation of CB1 receptors following

their prolonged activation leao. > .0 the opposite effect seen with initial CB1 receptor activation.

Although this pattern ot ac.*e THC vasodilation is not reported in all studies (Kaymakcalan, Ercan

and Turker, 1975; Duncan, Kendall and Ralevic, 2004).

Taken together, the results of acute THC administration in humans and animals provided consistent
evidence for an increase in global CBF. Only one acute THC challenge did not measure an overall
increase in global CBF (Mathew, Wilson and Tant, 1989). Mathew et al. (1989) found an overall
reduction in CBF — particularly in the frontal lobes. This observation was found in “inexperienced”

cannabis users only, defined as those with more than or equal to 3 years of abstinence from cannabis.
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However, in this study, the participants were made to follow a strict smoking pattern which induced
dysphoria in several participants and was described by several participants as a higher dose than they
would usually smoke. Also, only the “inexperienced” cannabis users had increased anxiety following
acute THC challenge whereas the chronic cannabis users did not experience adverse reactions,
suggesting there is tolerance to the acute anxiogenic effects of the drug (D’Souza et al., 2008). This
is consistent with D’Souza et al.’s finding of tolerance to acute THC-induced anxiety. This may be
important as tachycardia, which often occurs with both dysphoria and anxiety, could alter CBF
(Craske et al., 2017). This research is consistent with the carz'av.scular effects of acute THC
administration which showed THC reduce blood pressure anc' hecrt rate and increased blood flow in

various animal models and in humans (Sultan et al., 2018

Regions with the highest neuronal CB1-recepte” density (Herkenham et al., 1990; Glass, Faull

and Dragunow, 1997) are those with most ~o'sistent effects following acute THC challenge (i.e.
prefrontal cortex, insula and anterior ciny:'late cortex). These areas are involved in a range of
functions including planning, deri.io, wnaking, short-term memory, attention, interoceptive
awareness, reward processing, ei.ational processing and impulse control (Bush et al., 2002;
Critchley et al., 2004; Rossi =* ai., 2009; Xue et al., 2010; Etkin, Egner and Kalisch, 2011; Stevens,
Hurley and Taber, 2011; F.~ston and Eichenbaum, 2013; Beauchaine et al., 2015; Domenech and
Koechlin, 2015; Curran et al., 2016). Deficits in all of these higher-order functions are associated
with acute drug intoxication and cannabis use disorder (Campolongo and Fattore, 2015). While there
is an association between elevated rCBF in the basal ganglia and salience and motivation processes
linked to the compulsive use of cannabis (Volkow et al., 1996), findings from animal studies indicate

significant THC-induced reductions in basal ganglia rCBF.
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Most studies assessing the chronic effects of THC on cerebral blood flow found regular users of
cannabis to have a lower resting global CBF compared to controls. This observation provides
evidence to support downregulation of globally distributed cannabis receptors following prolonged
activation. There was great variability between the region-specific effects but the most consistent
of these was reduced frontal blood flow and neural activity — particularly the ventral and
dorsolateral prefrontal cortex. However, as most of these studies were cross-sectional it remains
somewhat unclear whether the differences in CBF of these areas predated or even increased

likelihood of cannabis misuse or were THC-induced.

In the chronic studies, the abstinence period befor2 c~ta acquisition in studies assessing the
effects of THC on CBF in chronic cannabis user: 1.20d from a few hours to years. It is important
that the abstinence period is accurately a.~er'ained and verified to it is clear at what stage of
“recovery” participants are tested at. Su-ilarly, in the acute challenge studies, the time from
cessation of THC administration to d=*a ¢~".ection varied from unknown to several weeks. This adds
heterogeneity and limits interpretction of acute versus chronic effects. Although there is a debate
about the existence and time rour<2 of these effects, evidence suggests that cognitive function and
cannabinoid receptor densi.’ may recover as quickly as 2-3 days (D’Souza et al., 2016; Scott et al.,
2018). Future studies should use an extended period of abstinence confirmed with biological

measures in addition to self-report, and continuous measures of CBF post-THC challenge.

The potential reversibility of the effects of chronic cannabis exposure on CBF upon prolonged

abstinence from the drug has important implications (Tunving et al., 1986; Chang and Chronicle, 2007;

Sneider et al., 2008; Jacobus et al., 2012). It is widely known that CB1 receptors undergo reversible

downregulation upon prolonged activation (Hirvonen et al., 2012; Ceccarini et al., 2015; D’Souza et
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al., 2016). This observation would explain why some regions showing increased CBF after acute
THC challenge in controls have an overall lower resting CBF or show no change/decrease upon

acute THC challenge in chronic cannabis users. Initially, THC may increase CBF in a region by
activating CB1 receptors, causing vasodilation. Gradually, after repeated exposure to THC, CBj

receptors undergo region-specific, reversible, functional down-regulation and receptor density

decreases so that upon cessation from the drug there is an overall lower CBF (Breivogel et al., 1999;
Hirvonen et al., 2012). Then, during abstinence CB1 receptor functionality may normalise (Hirvonen

etal., 2012; D’Souza et al., 2016) resulting in recovery of resting C._F.

In several of the studies assessing the chronic efferts ~f THC, the participants performed a
cognitive task whilst CBF was measured. In the majority ~f these studies, chronic cannabis users
showed similar behavioural performance to the cu~trols (or at least achieved a ‘normal’ result)
despite having a greater amount of non-sg~cif.c increases in brain activity compared to controls
(Block et al., 2002; O’Leary et al., 2003; £ !dreth et al., 2004; Bolla et al., 2005; Vaidya et al., 2012;
Amen et al., 2017). This supports » hy<thesis proposed by Kanayama (2004) whereby chronic
cannabis users recruit additional i.>urar resources in order to complete the task at the same level of

performance as controls.

A wide variety of techniques were used to assess CBF. Several of these are less sensitive to regional
changes (e.g. venous outflow) and are therefore unable to demonstrate the findings seen with modalities
such as PET and fMRI (Fantini et al., 2016). Additionally, earlier studies focused on the CBF in
predefined regions of interest as opposed to voxel-based morphometry which is more sensitive to
changes in regional CBF. Also, several older studies used MCA velocity to infer changes in CBF which
may not be a valid indicator of changes in CBF. Future studies should also aim to disentangle effects on

CBF and BOLD signal (spontaneous neural activity and modulation) when interpreting
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results. The differences in technique used likely contribute to contrasting results observed across

studies.

In animal studies, THC concentration can be determined using intravenous THC, standardised
dosing and pharmokinetic parameters. However, in human studies, the concentration of THC is more
difficult to measure. The cannabis plant also contains over 400 chemical entities that could
potentially modulate the effect of THC and clinical implications of a change in CBF (Atakan, 2012).
There was also a high degree of variability in THC dose, both in ac te and chronic studies (we have
included data on THC dose where possible, although, not al stulies have reported this). Also, the
amount of THC consumed depends greatly on the preractiun, pattern of use, dose, and route of
administration. Similarly, there is wide geographical variauon in THC content, and evidence that
THC content in cannabis flowers and other preparations such as hash, resin and cannabis oil has been
increasing over time (Chandra et al., 2019, “.eeman et al., 2019). This may impact whether the
doses used in the early studies are compArau:= to more recent studies. Leaving participants to smoke
at will (i.e. self-titrate) leads to diffe ei.~es> in inhaled volumes (Van der Pol et al., 2014). However,
attempts to standardise smoking tin.’ngs and volume have led to dysphoria and anxiety which could
ultimately influence CBF ‘ivi~tiew, Wilson and Tant, 1989). Future studies should therefore
investigate the effects of rou'e of administration on THC-induced changes of CBF. However, given
that the dose-specific effects are not yet fully established, the degree to which this may affect the
results of these studies is unclear. From the acute challenge studies where dose was available, the
reported dose ranged from 6mg to 20mg (inhaled) in humans and 100ug/kg to 16mg/kg (IV) in
animals. These doses are within the range typically consumed by people who use cannabis; 5mg
THC has been proposed as a ‘Standard THC Unit’ akin to a standard unit of alcohol (Freeman and
Lorenzetti, in press). It was also not possible to calculate the dose in mg/kg received by the
participants in the studies where THC was not administered intravenously. In future studies, a

standardised set of doses (e.g. expressed in mg/kg) should be used in order to compare findings and
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assess repeatability. Due to the high lipid solubility of THC and cannabis, the bioavailability of THC
could also be calculated in each participant to overcome this limitation. There also needs to be a

consensus on doses across species in order to generalize findings across species.
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Furthermore, in the studies assessing both the acute and chronic effects of THC on CBF, it is
difficult to accurately assess and compare cumulative THC exposure. A range of terms are used to
describe cannabis users including “regular”, “heavy”, “occasional”, “experienced”, “inexperienced”
and “chronic” — all with varying definitions. The studies rely on retrospective self-report and
extrapolation which are not reliable methods. They also fail to capture information on dose per joint,
which varies according to cannabis potency (Freeman et al., 2014), level of intoxication (Hindocha,
Freeman and Curran, 2017) and may increase over time as to'~rai.~e to the effects of cannabis
develops (Ashton, 2001). Instead, current measures overemrna.ise frequency of use which is not
equal to quantity of use. Many studies use ‘joint-years’ tc mcosure the cumulative exposure to THC.
This uses a self-reported average of weekly uses multipl’za v the time passed since first exposure to
cannabis, as well as patterns of cannabis consum pu.~r changing over time. However, this measure
may not accurately capture dose due to va:-abi.ity in the strength and amount of cannabis used in
each joint (Hindocha, Norberg and Tomke 2018). A way to overcome this limitation would be to
perform a longitudinal study follow*~qg ~~nnabis users over time and analysing sample joints at
regular intervals and confirm absti.~ence by measuring urinary THC-COOH - the renal metabolite of
THC. A more cost-effective mewu .~ is the “roll a joint” paradigm, in which participants are required
to roll a ‘typical’ joint and s 1s then analysed and used to estimate to the dose of THC consumed as
well as tobacco co-administration which is an important confound as tobacco produces changes in
CBF as well (Domino et al., 2004; Hindocha, Freeman and Curran, 2017). In all of the human
studies, participants were asked to abstain from any drugs, including nicotine and alcohol, on the day
of THC administration or CBF measurement. However, it was not considered that long-term use of
such drugs that alter CBF could influence the findings. In future studies, the long-term poly-
consumption of CBF-altering drugs should be taken into account to understand the degree to which
they might alter any conclusions. Overall, this review highlights a clear need for standardised

cannabis use metrics in order to advance the field (Lorenzetti, Solowij and Yicel, 2016).
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The sample population varied greatly between studies with differences in socio-economic status,

substance and alcohol use, tobacco use, education level, sex, age, age of onset, psychiatric
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abnormalities and handedness. These potential confounding factors were not adequately matched across
all studies. Several studies used outpatient psychiatric databases or recruited regular users who wanted to
quit smoking cannabis, complicating the interpretation of those findings. Future studies should match
these confounding factors and also investigate whether the phase of brain development i.e. age at which
cannabis exposure occurs effects THC-induced alterations in CBF and the reversibility of effects. Also,
adolescence is a critical stage of brain development and cannabis is the most commonly consumed illicit
drug at this age (Malone, Hill and Rubino, 2010). There is evidence that adolescents show a different
response to adults when administered an acute, weight-adjusted drz~ o7 THC (Mokrysz et al., 2016).
Therefore, it is important to ascertain whether this group is at in . creased (or decreased) risk of both

acute and sustained THC-induced changes to CBF.

Conclusion

Chronic and acute cannabis use ic as.2.iated with region-specific, dose-dependent alterations in
cerebral blood flow. Acute cannchis use is associated with an overall increase in CBF whereas
chronic cannabis use is assoria.>d with potentially reversible decreases in CBF. Common regions
implicated include the ante-ior cingulate cortex, insula and prefrontal cortex in acute cannabis use
and the frontal cortex in chronic cannabis use. These regions are involved in several higher-order
functions compromised in acute THC intoxication and cannabis use disorder; and are implicated in
the pathophysiology of several mental illnesses associated with long-term heavy cannabis use

including schizophrenia.



25

References

Amen, D. G. et al. (2017) ‘Discriminative Properties of Hippocampal Hypoperfusion in Marijuana
Users Compared to Healthy Controls: Implications for Marijuana Administration in Alzheimer’s
Dementia’, Journal of Alzheimer’s Disease, 56(1), pp. 261-273. doi: 10.3233/JAD-160833.
Ashton, C. H. (2001) ‘Pharmacology and effects of cannabis: A brief review’, British Journal of
Psychiatry, pp. 101-106. doi: 10.1192/bjp.178.2.101.

Atakan Z. (2012). Cannabis, a complex plant: different compounds and different effects on
individuals. Therapeutic advances in psychopharmacology, 2(6), 241-254.
doi:10.1177/2045125312457586

Batalla, A. et al. (2013) ‘Structural and Functional Imaging Studies in Chronic Cannabis Users: A
Systematic Review of Adolescent and Adult Findings’, PLoS ONE, 8(2). doi:
10.1371/journal.pone.0055821.

Beaconsfield, P. et al. (1972) ‘EFFECT OF DELTA-9 TETRAHYYROCANNABINOL ON
CEREBRAL CIRCULATION AND FUNCTION”, The Lancet, . 11 6. doi: 10.1016/S0140-
6736(72)92751-1.

Beauchaine, T. P. et al. (2015) ‘Prefrontal and Anterior Cir:_ulawc Cortex Mechanisms of
Impulsivity’, in The Oxford Handbook of Externalizing Specrum Disorders. doi:
10.1093/0xfordhb/9780199324675.013.13.

Bilfinger, T. V. et al. (1998) ‘Pharmacological evide...s for anandamide amidase in human
cardiac and vascular tissues’, International Journzal > Cardiology, 64(SUPPL. 1). doi:
10.1016/S0167-5273(98)00031-X.

Block, R. I. et al. (2000) ‘Cerebellar hypoac. vity in frequent marijuana users’, Neuroreport, 11(4),
pp. 749-753. doi: 10.1097/00001756-20100320u-00019.

Block, R. I. et al. (2002) ‘Effects of freg':~nt .marijuana use on memory-related regional cerebral
blood flow’, Pharmacology Biochemistiy ar d Behavior, 72(1-2), pp. 237-250. doi: 10.1016/S0091-
3057(01)00771-7.

Bloom, A. S. et al. (1997) ‘Cannal‘noic-induced alterations in regional cerebral blood flow in the
rat’, Pharmacol Biochem Behav, 57(4), pp. 625-631. doi: S0091-3057(96)00475-3 [pii].

Bolla, K. I. et al. (2005) ‘Ner.>1 scostrates of faulty decision-making in abstinent marijuana users’,
Neurolmage, 26(2), pp. 20- 192. doi: 10.1016/j.neuroimage.2005.02.012.

Breivogel, C. S. et al. (1999) " “hronic A9-tetrahydrocannabinol treatment produces a time-dependent
loss of cannabinoid receptors and cannabinoid receptor-activated G proteins in rat brain’, Journal of
Neurochemistry, 73(6), pp. 2447-2459. doi: 10.1046/j.1471-4159.1999.0732447 .x.

Broyd, S. J. et al. (2016) ‘Acute and Chronic Effects of Cannabinoids on Human Cognition-A
Systematic Review.’, Biological psychiatry, 79(7), pp. 557—67. doi: 10.1016/j.biopsych.2015.12.002.
Bush, G. et al. (2002) ‘Dorsal anterior cingulate cortex: A role in reward-based decision making’,
Proceedings of the National Academy of Sciences, 99(1), pp. 523-528. doi:
10.1073/pnas.012470999.

Campolongo, P. and Fattore, L. (2015) Cannabinoid modulation of emotion, memory, and
motivation, Cannabinoid Modulation of Emotion, Memory, and Motivation. doi: 10.1007/978-1-
4939-2294-9.

Ceccarini, J. et al. (2015) ‘[18F]MK-9470 PET measurement of cannabinoid CB1 receptor
availability in chronic cannabis users’, Addiction Biology, 20(2), pp. 357-367. doi:
10.1111/adb.12116.



26

Chandra, S. et al. (2019) ‘New trends in cannabis potency in USA and Europe during the last decade
(2008-2017)’, European Archives of Psychiatry and Clinical Neuroscience. doi: 10.1007/s00406-
019-00983-5.



27

Chang, L. and Chronicle, E. P. (2007) ‘Functional imaging studies in cannabis users.’, The Neuroscientist : a review
journal bringing neurobiology, neurology and psychiatry, 13, pp. 422-432. doi: 10.1177/1073858406296601.

Cipolla, M. J. (2009) Control of Cerebral Blood Flow., The Cerebral Circulation.
Craske, M. G. et al. (2017) ‘Anxiety disorders’, Nature Reviews Disease Primers, 3. doi:
10.1038/nrdp.2017.24.

Critchley, H. D. et al. (2004) ‘Neural systems supporting interoceptive awareness’,
Nature Neuroscience, 7(2), pp. 189-195. doi: 10.1038/nn1176.

Curran, H. V. et al. (2016) ‘Keep off the grass? Cannabis, cognition and addiction’, Nature
Reviews Neuroscience, pp. 293-306. doi: 10.1038/nrn.2016.28.
D’Souza, D. C. et al. (2008) ‘Blunted psychotomimetic and amnestic effects of -9-

tetrahydrocannabinol in frequent users of cannabis’, Neuropsychopharmacology, 33(10), pp. 2505—

2516. doi: 10.1038/sj.npp.1301643.

D’Souza, D. C. et al. (2016) ‘Rapid Changes in CB1 Receptor Availability in Cannabis Dependent Males after Abstinence from
Cannabis.’, Biological psychiatry : cognitive neuroscience and neuroimaging, 1(1), pp. 67-67. doi: 10.1016/j.bpsc.2015.09.008.

Domenech, P. and Koechlin, E. (2015) ‘Executive control and decic,~n-making in the prefrontal
cortex’, Current Opinion in Behavioral Sciences, pp. 101-106. dr.1: .9..016/j.cobeha.2014.10.007.
Domino, E. F. et al. (2004) ‘Regional cerebral blood flow and :.!~si..a nicotine after smoking
tobacco cigarettes’, Progress in Neuro-Psychopharmacology < nd '3iological Psychiatry. doi:
10.1016/j.pnpbp.2003.10.011.

Duncan, M., Kendall, D. A. and Ralevic, V. (2004) ‘Ch.. actc rization of cannabinoid modulation of
sensory neurotransmission in the rat isolated mesenter'c a.‘erial bed’, Journal of Pharmacology
and Experimental Therapeutics. doi: 10.1124/jpet.14 JA7587.

Eldreth, D. A. et al. (2004) ‘Abnormal brain acti ity 1u prefrontal brain regions in abstinent
marijuana users’, Neurolmage, 23(3), pp. 917-9. 0. uoi: 10.1016/j.neuroimage.2004.07.032.

Ellis, E. F., Moore, S. F. and Willoughby, K. A. (1995) ‘Anandamide and delta 9-THC dilation of
cerebral arterioles is blocked by indometh..~in’, The American journal of physiology, 269(6 Pt 2), pp.
H1859-64.

Etkin, A., Egner, T. and Kalisch, R. (221, Emotional processing in anterior cingulate and medial
prefrontal cortex’, Trends in Cognitiv~ Sciences, pp. 85-93. doi: 10.1016/j.tics.2010.11.004.
Fantini, S. et al. (2016) ‘Cerebra! bic~d flow and autoregulation: current measurement techniques
and prospects for noninvasive vnticii methods’, Neurophotonics, 3(3), p. 031411. doi:
10.1117/1.NPh.3.3.031411.

Filbey, F. M. et al. (2017) "Re..dual Effects of THC via Novel Measures of Brain Perfusion and
Metabolism in a Large Gronr of Chronic Cannabis Users’, Neuropsychopharmacology. doi:
10.1038/npp.2017.44.

Freeman, T. P. et al. (2014) ‘Just say “know”: how do cannabinoid concentrations influence users’
estimates of cannabis potency and the amount they roll in joints?’, Addiction (Abingdon,
England), 109(10), pp. 1686-1694. doi: 10.1111/add.12634.

Freeman, T. P. et al. (2019) ‘Increasing potency and price of cannabis in Europe, 2006—

16°, Addiction. doi: 10.1111/add.14525.

Freeman, T. P. and Lorenzetti, V. (no date) ‘Standard THC Units: a proposal to standardize dose
across all cannabis products adn methods of administration’, Addiction, (in press).



28

Glass, M., Faull, R. L. M. and Dragunow, M. (1997) ‘Cannabinoid receptors in the human brain: a
detailed anatomical and quantitative autoradiographic study on the fetal, neonatal and adult human
brain’, Neuroscience, 77(2), pp. 299-318. doi: S0306452296004289 [pii].

Hasler, G. et al. (2007) ‘Cerebral Blood Flow in Immediate and Sustained Anxiety’, Journal

of Neuroscience, 27(23), pp. 6313-6319. doi: 10.1523/JNEUROSCI.5369-06.2007.

Hayakawa, K. et al. (2007) ‘Repeated treatment with cannabidiol but not Delta9-

tetrahydrocannabinol has a neuroprotective effect without the development of tolerance.’,
Neuropharmacology, 52(4), pp. 1079-87. doi: 10.1016/j.neuropharm.2006.11.005.

Heiss, W. (1981) ‘Cerebral blood flow: physiology, pathophysiology and pharmacological effects.’,
Adv Otorhinolaryngol, 27, pp. 26-39.

van Hell, H. H. et al. (2011) ‘Evidence for involvement of the insula in the psychotropic effects of
THC in humans: a double-blind, randomized pharmacological MR’ study’, International Journal of
Neuropsychopharmacology, 14(10), pp. 1377-1388. doi: 10.1017/S.'61145711000526.
Herkenham, M. et al. (1990) ‘Cannabinoid receptor localization in br. in.”, Proceedings of the
National Academy of Sciences of the United States of America, o7!5), pp. 1932-1936. doi:
10.1073/pnas.87.5.1932.

Herning, R. I. et al. (2001) ‘Marijuana abusers are at incre:~eq visk for stroke. Preliminary evidence
from cerebrovascular perfusion data’, Ann N'Y Acad Sci, 239, pp. 413-415.

Herning, R. I. et al. (2005) ‘Cerebrovascular perfusion i.1 marjuana users during a month of
monitored abstinence.’, Neurology, 64(3), pp. 488—'C3. Joi: 10.1212/WNL.65.7.1145.

Herning, R. 1., Better, W. and Cadet, J. L. (2008* ‘E“7 of chronic marijuana users during

abstinence: Relationship to years of marijuanea 1se cerebral blood flow and thyroid function’,

Clinical Neurophysiology, 119(2), pp. 321-331. u.: 10.1016/j.clinph.2007.09.140.

Hindocha, C., Freeman, T. P. and Curran. h. V. (2017) ‘Anatomy of a Joint: Comparing Self-
Reported and Actual Dose of Cannabis ird Tobacco in a Joint, and How These Are Influenced by
Controlled Acute Administration’, C7.au:s and Cannabinoid Research, 2(1), pp. 217-223. doi:
10.1089/can.2017.0024.

Hindocha, C., Norberg, M. M. a1.7 '1vmko, R. L. (2018) ‘Solving the problem of

cannabis quantification’, The Lc.nce: Psychiatry. doi: 10.1016/S2215-0366(18)30088-9.

Hirvonen, J. et al. (2012) ‘R »ver 'ible and regionally selective downregulation of brain cannabinoid
CBI receptors in chronic a.‘ly cannabis smokers’, Molecular Psychiatry, 17(6), pp. 642-649. doi:
10.1038/mp.2011.82.

Ho, W. S. V. and Kelly, M. E. M. (2017) ‘Cannabinoids in the Cardiovascular System’, in
Advances in Pharmacology, pp. 329-366. doi: 10.1016/bs.apha.2017.05.002.

Huestis, M. A. et al. (2007) ‘Single and multiple doses of rimonabant antagonize acute effects of
smoked cannabis in male cannabis users’, Psychopharmacology, 194(4), pp. 505-515. doi:
10.1007/s00213-007-0861-5.

Jacobus, J. et al. (2012) ‘Altered cerebral blood flow and neurocognitive correlates in adolescent
cannabis users’, Psychopharmacology, 222(4), pp. 675-684. doi: 10.1007/s00213-012-2674-4.
Kaczkurkin, A. N. et al. (2017) ‘Common and dissociable regional cerebral blood flow differences
associate with dimensions of psychopathology across categorical diagnoses’, Molecular Psychiatry.
doi: 10.1038/mp.2017.174.

Kanayama, G. et al. (2004) ‘Spatial working memory in heavy cannabis users: A functional
magnetic resonance imaging study’, Psychopharmacology, 176(3-4), pp. 239-247. doi:



29

10.1007/s00213-004-1885-8.
Kaymakcalan S Ercan Z. S. and Turker, R. K. (1975) ‘The evidence of the release of

prostagla iney and qui Pugy L irans-

7158.1975.th09507..x.

Kindler, J. et al. (2017) ‘Increased Striatal and Reduced Prefrontal Cerebral Blood Flow in Clinical
High Risk for Psychosis’, Schizophrenia Bulletin. doi: 10.1093/schbul/sbx070.
Lorenzetti, V., Solowij, N. and Yiicel, M. (2016) ‘The role of cannabinoids in neuroanatomic

alterations in cannabis users’, Biological Psychiatry, pp. e17-e31. doi:
10.1016/j.biopsych.2015.11.013.

Lundqvist, T., Jonsson, S. and Warkentin, S. (2001) ‘Frontal lobe dysfunction in long-term cannabis
users’, Neurotoxicology and Teratology, 23(5), pp. 437-443. doi: 10.1016/S0892-0362(01)00165-9.

Malone, D. T., Hill, M. N. and Rubino, T. (2010) ‘Adolescent cannabis use and psychosis:
Epidemiology and neurodevelopmental models’, British Journal o1 "’harmacology, pp. 511-522. doi:
10.1111/j.1476-5381.2010.00721.x.

Martin-Santos, R. et al. (2010) ‘Neuroimaging in cannabis use’ 2 5 <‘ematic review of the literature’,
Psychol Med, 40(3), pp. 383-398. doi: S0033291709990729 [i]\110.1017/S0033291709990729.

Mathew, Roy J. et al. (1992) ‘Changes in middle cerebral arw.vv velocity after marijuana’,
Biological Psychiatry, 32(2), pp. 164-169. doi: 10.1016/100c -3223(92)90019-V.

Mathew, R J et al. (1992) ‘Regional cerebral blood flow after marijuana smokine.”, “aurnal of cerebral blood flow and metabolism : official
journal of the International Society of Cerebral Blood Flow and Metabolism, 1°_(5), pp. 750-8. doi: 10.1038/jchfm.1992.106.

Mathew, R. J. et al. (1997) ‘Marijuana intoxication ir 4 hrain activation in marijuana smokers’, Life
Sciences, 60(23), pp. 2075-2089. doi: 10.1016/SM )24 5205(97)00195-1.

Mathew, R. J. et al. (1998) ‘Cerebellar activi'y a 1d aisturbed time sense after THC’, Brain
Research, 797(2), pp. 183-189. doi: 10.1016/>"006-8993(98)00375-8.

Mathew, R. J. et al. (1999) ‘Regional cerec.al blood flow and depersonalization after
tetrahydrocannabinol administration.’, £.C1.. hsychiatrica Scandinavica, 100(1), pp. 67—75. doi:
10.1111/j.1600-0447.1999.th10916.x

Mathew, R. J. et al. (2002) ‘Time cou-se of tetrahydrocannabinol-induced changes in regional
cerebral blood flow measured with | sitron emission tomography’, Psychiatry Research -
Neuroimaging, 116(3), pp. 172 -18x. doi: 10.1016/S0925-4927(02)00069-0.

MATHEW, R. J., TANT, S. an. BURGER, C. (1986) ‘Regional Cerebral Blood Flow in Marijuana
Smokers’, British Journ. ~f S Zuiction, 81(4), pp. 567-571. doi: 10.1111/j.1360-
0443.1986.tb00369.x.

Mathew, R. J. and Wilson, W. H. (1993) ‘Acute changes in cerebral blood flow after smoking
marijuana’, Life Sciences., 52(8), pp. 757-767.

Mathew, R. J., Wilson, W. H. and Tant, S. R. (1989) ‘Acute changes in cerebral blood flow
associated with marijuana smoking’, Acta Psychiatrica Scandinavica, 79(2), pp. 118-128. doi:
10.1111/j.1600-0447.1989.tb08579.x.

Mokrysz, C. et al. (2016) ‘Are adolescents more vulnerable to the harmful effects of cannabis than
adults? A placebo-controlled study in human males’, Translational psychiatry, 6(11), p. €961. doi:
10.1038/tp.2016.225.

O’Leary, D. S. et al. (2000) ‘Acute marijuana effects on rCBF and cognition: a PET study.’,




30

Neuroreport, 11(17), pp. 3835-41.

O’Leary, D. S. et al. (2002) ‘Effects of smoking marijuana on brain perfusion and cognition’,
Neuropsychopharmacology, 26(6), pp. 802-816. doi: 10.1016/S0893-133X(01)00425-0.

O’Leary, D. S. et al. (2003) ‘Marijuana alters the human cerebellar clock.’, Neuroreport, 14(8), pp.
1145-51. doi: 10.1097/01.wnr.0000075420.59944.20.

O’Sullivan, S. E. et al. (2005) ‘Novel time-dependent vascular actions of A9-
tetrahydrocannabinol mediated by peroxisome proliferator-activated receptor gamma’,
Biochemical and Biophysical Research Communications. doi: 10.1016/j.bbrc.2005.09.121.
O’Sullivan, S. E., Kendall, D. A. and Randall, M. D. (2005) ‘Vascular effects of A9-
tetrahydrocannabinol (THC), anandamide and N -arachidonoyldopamine (NADA) in the rat
isolated aorta’, European Journal of Pharmacology. doi: 10.1016/j.ejphar.2004.11.056.
O&apos;Leary, D. S. et al. (2007) ‘Effects of smoking marijuana c n focal attention and brain
blood flow’, Human Psychopharmacology, 22(3), pp. 135-148. dei- 1.0 1002/hup.832.

Paulson, O. B. et al. (2009) ‘Cerebral blood flow response to funitioral activation’, J Cereb Blood
Flow Metab, 30(1), pp. 2-14. doi: 10.1038/jcbfm.2009.188.

Pertwee, R. G. (2006) ‘The pharmacology of cannabinoid rc ~eptors and their ligands: an overview’,
International Journal of Obesity, 30, pp. S13-S18. doi: 1J.1333/sj.1j0.0803272.

Van der Pol, P. et al. (2014) ‘Cross-sectional and prosperti. = relation of cannabis potency,

dosing and smoking behaviour with cannabis depen-ic, ce: An ecological study’, Addiction. doi:
10.1111/add.12508.

Pope, H. G. et al. (2001) ‘Neuropsychologica’ p. rto.mance in long-term Cannabis users’, Archives
of general psychiatry, 58(10), pp. 909-915. uoi* 10.1001/archpsyc.58.10.909.

Preston, A. R. and Eichenbaum, H. (2015} ‘Interplay of hippocampus and prefrontal cortex in
memory’, Current Biology. doi: 10.101€,;.~u1..2013.05.041.

Quickfall, J. and David Crockford, F. /20 ¢, ‘Brain Neuroimaging in Cannabis Use: A Review’, J
Neuropsychiatry Clin NeurosciThe Z~urnal of Neuropsychiatry and Clinical Neurosciences,
183(18), pp. 318-332. doi: 10.117 ‘appt.neuropsych.18.3.318.

Reeves, R. and Struve, F. (2007) “1 .chnetium-99m-HMPAQO SPECT Cerebral Blood

Flow Alterations and Quanti*a.*’e cEG Sequelae of Daily Cannabis Use’, Clinical EEG

and Neuroscience.

Rossi, A. F. et al. (2009) ‘The prefrontal cortex and the executive control of attention’,

in Experimental Brain Research, pp. 489-497. doi: 10.1007/s00221-008-1642-z.

Sakurada, O. et al. (1978) ‘Measurement of local cerebral blood flow with iodo [14C]

antipyrine’, Am J Physiol, 234(1), pp. H59-66.

Scott, J. C. et al. (2018) “Association of Cannabis With Cognitive Functioning in Adolescents and
Young Adults A Systematic Review and Meta-analysis’, JAMA Psychiatry. doi:
10.1001/jamapsychiatry.2018.0335.

Sneider, J. T. et al. (2008) ‘Differences in regional blood volume during a 28-day period of
abstinence in chronic cannabis smokers’, European Neuropsychopharmacology, 18(8), pp. 612—619.
doi: 10.1016/j.euroneuro.2008.04.016.

Stevens, F. L., Hurley, R. A. and Taber, K. H. (2011) ‘Anterior Cingulate Cortex: Unique Role in
Cognition and Emotion’, The Journal of Neuropsychiatry and Clinical Neurosciences, 23(2), pp.
121-125. doi: 10.1176/jnp.23.2.jnp121.

Sultan, S. R. et al. (2018) ‘A systematic review and meta-analysis of the in vivo haemodynamic



31

effects of A9-tetrahydrocannabinol’, Pharmaceuticals. doi: 10.3390/ph11010013.

Tunving, K. et al. (1986) ‘Regional cerebral blood flow in long-term heavy cannabis use’,
Psychiatry Research., 17(1), pp. 15-21.

UNODC (2016) World drug report, United Nations publication. doi: 10.1007/s13398-014-0173-7.2.

Vaidya, J. G. et al. (2011) ‘Effects of Chronic Marijuana Use on Brain Activity During Monetary Decision-Making.’,
Neuro S)/chogharmacology: official publication of the “~American College of Neuropsychopharmacology, pp. 1-12. doi:
10.1038/npp.2011.227.

Vaidya, J. G. et al. (2012) ‘Effects of chronic marijuana use on brain activity during monetary decision-making’, Neuropsychopharmacology : official
publication of the American College of Neuropsychopharmacology, 37(3), pp. 618-629. doi: 10.1038/npp.2011.227.

Volkow, N. D. et al. (1996) ‘Brain glucose metabolism in chronic marijuana users at baseline and
during marijuana intoxication’, Psychiatry Research - Neuroimaging. doi: 10.1016/0925-
4927(96)02817-X.

Volkow, N. D. et al. (2014) ‘Adverse Health Effects of Marijuana Use’, New England Journal of
Medicine, 370(23), pp. 2219-2227. doi: 10.1056/NEJMral4023009.

Wagner, J. A. et al. (2001) ‘Hemodynamic effects of cannabinoids: ‘oronary and cerebral
vasodilation mediated by cannabinoid CB1 receptors’, European ju.ndal of Pharmacology, 423(2—
3), pp. 203-210. doi: 10.1016/S0014-2999(01)01112-8.

Wilson, W. et al. (2000) ‘Brain Morphological Changes and E arly Marijuana Use’, Journal

of Addictive Diseases, 19(1), pp. 1-22. doi: 10.1300/J069v1."01.

Xue, G. et al. (2010) ‘The impact of prior risk experienc-s o subsequent risky decision-making:
The role of the insula’, Neurolmage, 50(2), pp. 709-716 do.: 10.1016/j.neuroimage.2009.12.097.



Records identified through
database searching

(n= 169)

Figure 1.

Additional records identified
through other sources

(n=61)

Records screened |

(n=134) ~ r»l (n=90)

32

Records excluded

Full-text - rtivles
assess2 et eligibility

Full-text articles
excluded, with reasons

| (n=10)

PRISMA flow diagram of the included studies




33

Table 1. Acute THC challenge or acute cannabis effects on cerebral blood flow (CBF) in humans
Required
minimum
abstinence Comparison CBF measured Greater Reduced volume
Author Method Users / from Ce_mnabis use THC R.OI.Jte Of. placebo / Condition | X minutes after volume/_flow / bIO.Od f.IOW/
Controls . prior to study dose administration : - . velocity activation /
cannabis baseline administration . ,
prior to /perfusion perfusion
study
Mathew et | 133xe 9 12h “Experienced” - 2.2% S Placebo Resting 60m “Inexperienced”
al., 1989 inhalation | experien >10 joints/week Global, temporal,
ces, 17 for 3 years occipital, parietal,
inexperie central
nced/4 “Inexperienced” -
>3 years
abstinence
Controls —
unknown previous
exposure |
Mathew et | Transcrani | 10/0 3 months Previous exposure | 3.55% 'S Placebo Resting Om, 60m MCA velocity
al., 1992 al Doppler |
flowmeter
Mathew et | wxe 20/0 2 weeks Previous exnost.e * 1.15% |S Placebo Resting 30m, 60m, Both doses: R
al., 1992 inhalation 3.55% 120m frontal blood flow
High-dose: R
temporal blood
flow
L parietal blood
flow
Mathew et | Transcrani | 10/0 2 weeks Previous exposure | 3.55% |S Placebo Resting Continuous MCA CBV —drop
al., 1992 al Doppler upon standing
Mathew et | 133Xe 35/0 2 weeks 1.75% |S Baseline Resting 30m, 60m, Global CBF
al., 1993 inhalation 3.55% 120m R frontal blood
flow
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Mathew et
al., 1997

[150] H,0
PET

21/11

2 weeks

Previous exposure

0.15mg | IV
/min
0.25mg
/min

Placebo

Resting

30m, 60m, 90m,
120m

High dose:
Global CBF
R/L frontal
infusion

R/T temporal
infusion

R/L parietal
infusion
Cingulate gyrus
Insula

Basal ganglia
Thalamus

R amygdala
Hippocampus
AP ratio

Low dose:
Global CBFR
frontal infusion
R cingulate gyrus
L insula

R/L frontal
infusion

R/L parietal
infusion

R/L temporal
infusion

AP ratio

Mathew et
al., 1998

[150] H,0
PET
MRI

46/0

2 weeks

147 ~165.2
‘joints’ per year

0.15mg | IV
/min —
20m

0.25mg
/min —

20m

Baseline

Resting

Rest, 30m, 60m,
120m
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Mathew et
al., 1999

[150] H,0
PET

38/21

2 weeks

Previous exposure

0.15mg
/min
0.25mg
/min

Baseline

Resting

30m, 60m, 90m,
120m

Global CBF
L/R ACC blood
flow

R frontal blood
flow

R insula blood
flow

Basal ganglia,
Hippocampus.
Amygdala,
Thalamus

Mathew et
al., 2002

[150] H20
PET

47/0

2 weeks

228.3 +416.75
‘joints’ per year

O’Leary et
al., 2000

[150] H20
PET

5/0

N/A

<10 uses/montt
for an avera_e o
3.2veas

0.15mg
/min —
20m
0.25mg
/min —
20m

Baseline

Resting

30m, 60m, 90m,
120m

High-dose: Global
CBF

R hemisphere
blood flow

L/R cerebellum
Frontal blood
flow

Insula

Low-dose: R
cerebellum

Both doses:
Global CBF
AP ratio
L/R ACC

Baseline

Auditory
attention
task/Dicho
tic
listening
task

10m

R/L Anterior
cingulate

R/L Mesial
frontal lobe

L orbital frontal
lobe

Mesial orbital FL
R straight gyrus
R/L insula

R/L temporal pole
L cerebellum

L/L frontal lobe
L/R Heschl’s
gyrus

L superior
temporal gyrus
L Hesch’l gyrus
R occipital

L precuneus
Cerebellar vemis
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O’Leary et | [150] HoO [ 12/0 7 days <10 uses/month 20mg S Placebo Auditory 10-15m L ventral R/L superior
al., 2002 - [ PET for an average of attention forebrain temporal gyrus
no gap 6 years task R insula L./R motor strip
between R temporal pole R caudate
cigarettes? L/R anterior L superior parietal
! cingulate lobe
L/R cerebellum L/R precuneus
L/R mesial
parietal
L/R mesial
occipital
R occipital
(Auditory
attention-related
temporal lobe,
visual cortex,
attentional
network)
)
O’Leary et | [150] H20 12/0 7 days <10 uses (average | 20mg |+ Placebo Auditory 10-15m L/R cerebellum Precuneus
al., 2007 PET 5.1)/month for an | attention L/R anterior L occipital
average of 3.1 task cingulate L thalamus
years L/R mesial frontal | L parietal
lobe L inferior
L/R superior temporal
temporal gyrus
L temporal pole
L orbital frontal
lobe
Van Hell ASL 26/0 2 weeks >4 times/year 6mg S (vaporiser) Placebo Resting 30m (only after | L/R anterior R Post-central
etal., 2011 <l/week (Img first dose) cingulate gyrus
every L superior frontal | L/R occipital
Average: 19+ 30 min) cortex gyrus
11.2 L/R insula
occasions/year (somatosensory
and visual cortex)
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Table 2. Acute THC challenge or acute cannabis effects on cerebral blood flow (CBF) in animals
Test Comparison Greater volume / Reduced blood
Author Method Animal / Animal THC dose R_oyte Of. placebo / Condition bIO(.)d ﬂ.OW/ volume / flow /
administration ) activation / .
Controls baseline perfusion perfusion
Beaconsfield | Venous 4/0 Mongrel 100ug/kg v Baseline Rest'ng Cerebral venous
etal., 1972 outflow dogs 2 outflow
Bloom et al., | Freely 2416 Sprague-— 0.5,1,16 mg/kg |1V Placebo es1.g Arcuate nucleus CAL1 of hippocampus,
1997 diffusible Dawley frontal cortex, medial
tracer derived rats prefrontal cortex,
nucleus accumbens,
claustrum, dentate
gyrus, entorhinal
N A V.4 cortex, globus pallidus
Ellisetal., Light 12/0 Rabbits 10°°Mto10°M [ T~pie | Baseline Resting Vasodilation of
1995 microscope arterioles
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Table 3. Repeated THC challenge and chronic cannabis effects on cerebral blood flow in humans

Users/ Duration of Control Greater
Author Method Controls | abstinence from D‘(‘efmltlo.n,?f cannabis Condition volume/flow Reducgd vc_)lume/bloc_)d
(Sex) cannabis chronic criteria velocity /perfusion flow/activation/perfusion
Block etal., [ [150] H20 18/13 26h+ 18+2/week on 0-2 lifetime uses | Memory test (/R cerebellum — Prefrontal cortex, BA
2002 PET average for the last | nosterior cerebellar 1,2,3,21,24,40,41, 42 and 45
3.9+04 hemisphere, vermis,
dentate nucleus
, BA 18,19,28,29,30,
insula, putamen,
~ tectum
Block etal., [ [150] H20 17/12 26h >7 times weekly <3 lifetir.ie Resting R anterior cingulate Posterior cerebellum, ventral
2000 PET r.cas on. prefrontal cortex
Bollaetal., [150] H20 11/11 At admission, >4 times/week for at | < Zays/month IGT L cerebellum R lateral orbitofrontal cortex
2005 PET 25d least 2 years activation, R orbital activation, R dorsolateral prefrontal
gyrus cortex activation, L medial
orbitofrontal cortex activation, R
(A cerebellum
Eldreth et [150] H20 11/11 25d >3 m. s/we 2k for at | No current or Stroop task L/R hippocampus L DLPFC
al., 2004 PET vast . years past use R paracentral lobule L perigenual ACC
L occipital lobe R anterior ventromedial PFC
4.7 (8-63) joints R anterior DLPFC
per week for 7.5 (2-
22) years
Filbey etal., | MRI 74/101 72h >5000 lifetime Absence of Resting R pallidum
2017 occasions AND lifetime daily
daily use in past 60 | cannabis use
days
Herning et Transcranial | 16/19 Within 72h of DSM-IIIR criteria Unknown Resting Pulsatility index and
al., 2001 Doppler admission, 28- for cannabis systolic velocity in
30d after dependence/abuse ACA and MCA - no
abstinence change after

abstinence
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Herning et Transcranial | 54/18 <72h; 28-30d Severe: 78-350 No previous Resting Pulsatility index and
al., 2005 Doppler abstinence joints per week exposure — systolic velocity in
Moderate: 17-70 unclear, blank MCA and ACA —
joints per week table persisted after 1m
Light: 2-25 joints
per week
Herning et Transcranial | 75/33 <72h; 28-30d Used cannabis >14 Unknown Resting (' 3oth groups:
al.,2008 Doppler abstinence times in past 30 | Sulsatility index in
days M.CA — no change
after abstinence
Short duration
group: smoked MJ
<8 years (56)
Long duration
group: smoked MJ
>8 years (19) 4 A
Jacobus et ASL 23/23 1-17d; 4 weeks >200 lifetime use <'’lietime use | Resting R precuneus — no L superior temporal gyri, L middle
al., 2012 days day difference at follow temporal gyri, L insula, medial
up frontal gyri, L supramarginal gyrus —
O no difference at follow up
Lundgvist et | 1saxe 12/14 <5d (2d mean) 0.5-10r, (s ean 2.49) | Unknown —non | Resting R prefrontal
al., 2001 inhalation of C-8.5 TF.Z hash smokers R superior frontal
Caily ‘or Smto 21 R/L central
e
Mathew et 133X 17/16 12h N\ -5 uses/week for 6 No previous Resting No significant difference  between groups
al., 1986 inhalation months or more exposure
O’Leary et [150] H20 12 N/A Self-paced Chronic group: Chronic group: ventral forebrain
al., 2003 PET (chronic), counting cerebellum increase Frontal lobe activation
12 in activation
(occasional Chronic group: Cerebellum
)/0 Chronic group: L

fusiform gyrus,
Pulvinar nucleus of
thalamus, L caudate
nucleus

Ventral forebrain increase, Frontal
lobe activation, rCBF in cerebellum
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Reeves et SPECT 6/0 7-10d Daily use >5 years Unknown Resting Each subject had vastly different results
al., 2007 (compared
to 750
normals in
neurometric
database)
Sneider et DSC-MRI 15/17 6-36h, 7d, 28d >5000 lifetime No cannabis use | Resting Cerebral blood
al., 2008 occasions within the last volume:
month and no | Day 7 — R frontal
history of ~ortex, R/L temporal
cannabis curtex, cerebellum
abuse/dependen Day 28 — L temporal
ce lobe, cerebellum
Tunving et 133X 9/9 1-12 days Cannabis use Absence of Rostir g Global CBF — after 60d abstinence no
al., 1986 inhalation disorder history of significant difference when compared
4 subjects only: cannabi< us® to controls
9d, 14d, 15d, FLsore 2r
60d
Valdya et [150] H20 46/34 24h >5tim-3 « 'eek vV 1or | <7 lifetime IGT task Ventromedial Superior temporal gyrus
al., 2012 PET last 2 y ~ars occasions, no prefrontal cortex
other Cerebellar tonsil
psychoactive
drugs except
alcohol
Wilson et MRI 57/0 2 weeks Unknown (16.8 — N/A Resting Global CBF - if
al., 2000 [150] H,0 average age of cannabis use began
PET onset; mean age before 17

31.3)
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Table 4. Repeated THC challenge and chronic cannabis effects on cerebral blood flow in animals

CBF Reduced blood
THC Route of Comparison measured X Greater volume/blood
Author Method | Users/Controls | Animal dose administration | placebo/baseline | Condition | minutes after | flow/activation/perfusion volume/ flow
adm, ~istration Iperfusion
Hayakawa | Laser Controls used — | Male Img/kg | IP Placebo 4h MCA run. 9 3mg/kg and 10mg/kg: 10mg/kg: Global
etal., 2007 | Doppler number unclear | ddY 3mg/kg occlusior = ¢clurion, day | Global CBF — during CBF — after
flowmetry mice 10mg/kg 4 occlusion repeated treatment
Highlights N

Acute and chronic THC exposure have contrasting and regionally speci.*r ¢ffecis on

CBF

Acute THC dose-dependently increases CBF in arte ior ~ingulate cortex, frontal cortex and insula

Chronic cannabis causes a reduction in TB’- wi ic.: may be reversed following abstinence from the drug
Further research is needed to elucidate the functio yai significance of THC-induced changes of CBF



