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Abstract Abstract 
Shifting policies towards legalisation of cannabis for therapeutic and recreational use raise significant 
ethical issues for health-care providers seeking evidence-based recommendations. We investigated 
whether heavy cannabis use is associated with persistent harms to the hippocampus, if exposure to 
cannabidiol offers protection, and whether recovery occurs with abstinence. To do this, we assessed 111 
participants: 74 long-term regular cannabis users (with an average of 15.4 years of use) and 37 non-user 
healthy controls. Cannabis users included subgroups of participants who were either exposed to 
Δ9-tetrahydrocannabinol (THC) but not to cannabidiol (CBD) or exposed to both, and former users with 
sustained abstinence. Participants underwent magnetic resonance imaging from which three measures 
of hippocampal integrity were assessed: (i) volume; (ii) fractional anisotropy; and (iii) N-acetylaspartate 
(NAA). Three curve-fitting models across the entire sample were tested for each measure to examine 
whether cannabis-related hippocampal harms are persistent, can be minimised (protected) by exposure 
to CBD or recovered through long-term abstinence. These analyses supported a protection and recovery 
model for hippocampal volume (P=0.003) and NAA (P=0.001). Further pairwise analyses showed that 
cannabis users had smaller hippocampal volumes relative to controls. Users not exposed to CBD had 11% 
reduced volumes and 15% lower NAA concentrations. Users exposed to CBD and former users did not 
differ from controls on any measure. Ongoing cannabis use is associated with harms to brain health, 
underpinned by chronic exposure to THC. However, such harms are minimised by CBD, and can be 
recovered with extended periods of abstinence. 
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DISCUSSION
We believe this is the first multimodal MRI investigation of
prolonged THC and CBD exposure or abstinence on hippocampal
integrity in current and former cannabis users, respectively. We
confirmed that hippocampal volume is reduced in long-term
cannabis users, and found that this atrophy can be restored
following prolonged abstinence. Moreover, we show for the first
time that both hippocampal volume and neurochemistry are
reduced to the greatest extent in users exposed to THC without
CBD. In contrast, current users of cannabis containing CBD, as well

as former users, show no structural or neurochemical hippocampal
differences compared with controls. These findings are consistent
with suggestions that CBD may be neuroprotective, perhaps
through its role in synaptic plasticity and/or neurogenesis.23

The findings have implications for how we conceptualise the
long-term effects of cannabis use on the human brain. Our
findings suggest that not all cannabis users experience adverse
brain and behavioural outcomes24,25 as cannabinoid compounds
such as CBD may have a role in minimising harm. Indeed, previous
reports have suggested that CBD may ameliorate psychotic and

Figure 3. Theoretical models of cannabis-related neurobiological harms. Linear, cubic and quadratic models were tested for each of the three
measures of hippocampal integrity. The illustrations are theoretical models of data points that would support each hypothesis of persistence
(a), protection (b) and recovery (c). The highlighted window shows the portion of each model to which data from this study contributes new
knowledge.

Figure 2. An example of LCModel output for magnetic resonance spectroscopy spectrum from the hippocampus. The red solid line indicates
the summary of all fitted metabolites’ peaks. For N-acetylaspartate (NAA), the major peak is located at 2.02 p.p.m. Mean NAA across all groups
(N= 82) was 6.35 (s.d.= 0.97). Separately for each group, mean NAA values were as follows: healthy control, 6.40 (s.d.= 0.89); CBDx,
6.28 (s.d.= 0.90); CBD− , 5.82 (s.d.= 1.11); CBD+, 6.54 (s.d.= 0.76); and Former Users, 6.94 (s.d.= 0.86).
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adverse cognitive effects of THC.6,21,26–28 For instance, participants
pretreated with CBD experience significantly reduced psychoto-
genic and anxiogenic effects of THC.26–31 At a neural level, CBD
exerts opposing effects to THC on brain function and connectivity
in regions that are high in cannabinoid receptors including the
hippocampus.27,29–33 Although the relative contribution of THC
and CBD to overall brain harm remains unclear, we provide
preliminary evidence that these major cannabinoid compounds
have a distinct role in hippocampal structural and neurochemical
integrity following chronic exposure to cannabis.
The role of CBD in reducing brain and behavioural harms of

cannabis warrants consideration when discussing legalisation
related to the potency and composition of commercial cannabis.
Whether its mandatory inclusion as a public health directive
would protect against poor functional outcomes, such as severe
mental health problems or cognitive decline among regular
cannabis users, remains to be substantiated.
In former users, hippocampal integrity was comparable to

controls. This contrasts results from other studies of abstinent
former users that have found persistent effects of heavy use on
brain function and cognition.34–40 In a prospective study of 1037
people from birth to age 38,41 persistent cannabis exposure
(assessed at ages 18, 21, 26, 32 and 38 years) was associated with
significant decline in neuropsychological performance. Of note,
these cognitive impairments did not show significant improve-
ment following reduction of use or complete abstinence (41 year
cessation in some cases). In the context of our data, these findings
suggest that functional deficits may persist in abstinent former
users, despite apparent recovery of hippocampal integrity.

Strengths and limitations
The use of hair sample analysis to define groups exposed or
non-exposed to CBD is limited in that it only provides information
on exposure over the prior 3 months (when 3 cm of hair is
analysed). Variable exposure over the lifetime cannot be estimated
although it is likely that CBD levels in cannabis were higher in
previous decades.42 Unfortunately, hair sample analysis was not
available for former users, however there was no particular reason
for them to overstate their durations of abstinence and hence
their self-reports are assumed to be reliable. We also acknowledge
the limitations of a cross-sectional design and the modest sample
size when examining subgroup differences. It has to be
recognised that this is one of the largest samples to date in the
international literature and that there are immense difficulties in
recruiting abstinent, former users with a long history of regular
cannabis use (that is, ~ 15 years), and without any comorbid
substance use and/or mental health problems to complex and
demanding studies of this type. At the same time, strict exclusion
criteria were also the strength of our study; recruitment of
74 ‘clean’ cannabis users enabled our modelling approach to
address the gaps in the human literature regarding the
neuroprotective and therapeutic potentials of CBD and possible
recovery with abstinence.
In conclusion, it seems that CBD and extended abstinence

from cannabis may, respectively, protect or restore hippocampal
integrity. With ~ 200 million users worldwide, these findings
inform the current debate regarding the legalisation, commercia-
lisation and therapeutic application of cannabis.

Figure 4. Scatter plots illustrate hippocampal: (a) volume; (b) N-acetylaspartate; and (c) fractional anisotropy levels in long-term cannabis users
and non-using controls. Controls (n= 37) are shown in red. Long-term cannabis users (n= 74) comprise three groups: CBDx, those with
unknown exposure to CBD (n= 19, in brown); CBD− , those known to be exposed to THC but not to CBD (n= 30, in green); and CBD+, those
exposed to both THC and CBD (n= 12, in orange). Former Users, former long-term cannabis users, abstinent for a mean 29 months (n= 13, in
blue). Horizontal lines represent group means and horizontal bars are the 95% confidence interval. *Po0.05; **Po0.005. Lower panels
illustrate the curve-fitting and polynomial contrasts that were applied to the data across the five groups to model our investigational aims.
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