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ABSTRACT

Objective: To determine functional and structural neuroimaging correlates of cognitive dysfunc-
tion associated with cannabis use in multiple sclerosis (MS).

Methods: In a cross-sectional study, 20 subjects with MS who smoked cannabis and 19 noncan-
nabis users with MS, matched on demographic and neurologic variables, underwent fMRI while
completing a test of working memory, the N-Back. Resting-state fMRI and structural MRI data
(lesion and normal-appearing brain tissue volumes, diffusion tensor imaging metrics) were also
collected. Neuropsychological data pertaining to verbal (Selective Reminding Test Revised) and
visual (10/36 Spatial Recall Test) memory, information processing speed (Paced Auditory Serial
Addition Test [2- and 3-second versions] and Symbol Digit Modalities Test), and attention (Word
List Generation) were obtained.

Results: The cannabis group performedmore poorly on the more demanding of the Paced Auditory
Serial Addition Test tasks (i.e., 2-second version) (p , 0.02) and the 10/36 Spatial Recall Test
(p, 0.03). Cannabis users had more diffuse cerebral activation across all N-Back trials and made
more errors on the 2-Back task (p , 0.006), during which they displayed increased activation
relative to nonusers in parietal (p , 0.007) and anterior cingulate (p , 0.001) regions implicated
in working memory. No group differences in resting-state networks or structural MRI variables
were found.

Conclusions: Patients with MS who smoke cannabis are more cognitively impaired than nonusers.
Cannabis further compromises cerebral compensatory mechanisms, already faulty in MS. These
imaging data boost the construct validity of the neuropsychological findings and act as a caution-
ary note to cannabis users and prescribers. Neurology® 2014;82:1–9

GLOSSARY
DTI 5 diffusion tensor imaging; FA 5 fractional anisotropy; FOV 5 field of view; MD 5mean diffusivity; MNI 5Montreal
Neurological Institute; MS 5 multiple sclerosis; NAGM 5 normal-appearing gray matter; NAWM 5 normal-appearing
white matter; RSN 5 resting-state network; TE 5 echo time; TR 5 repetition time; PASAT 5 Paced Auditory Serial
Addition Test.

Cognitive dysfunction affects 40% to 60% of patients with multiple sclerosis (MS).1 Data
suggest that patients with MS who smoke cannabis have more extensive cognitive difficulties
than those who do not. In particular, problems with working memory,2 information processing
speed, and executive dysfunction3 appear to be exacerbated by the use of cannabis. Given that
cognitive deficits in patients with MS are known to adversely affect the ability to sustain
employment, maintain relationships, continue recreational pursuits, and attend to activities
of daily living,4 a better understanding of how smoking cannabis may impair brain function
in MS is needed.

To date, there have been no imaging-cognition studies of patients with MS who smoke can-
nabis. This contrasts with an extensive MRI literature of patients with MS in general in which
cognitive deficits have been linked to numerous structural and functional brain metrics.5 The
present study addresses this gap by looking at the association between neuropsychological
deficits on the one hand and brain MRI abnormalities on the other. In light of our earlier
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findings of greater cognitive problems in pa-
tients with MS who smoke cannabis2,3 and in
keeping with what we know of cognition-MRI
correlates from theMS literature in general,5 we
hypothesized that these deficits would be asso-
ciated with the following: (1) greater cerebral
atrophy; (2) more subtle indices of brain
pathology derived from diffusion tensor imag-
ing (DTI); and (3) a more dysfunctional pat-
tern of cerebral activation during an fMRI-
based working memory task, namely the
N-Back. Our choice of the latter as a marker
of working memory was based on the fact that
there is an available N-Back fMRI literature in
subjects with MS,6–8 albeit small, and a much
larger one in healthy controls.9

METHODS Sample selection. Thirty-nine patients (aged

18–60 years) with a confirmed diagnosis of MS according to

modified McDonald criteria were recruited from MS clinics.

Exclusion criteria included a history of brain injury, illicit drug

use other than cannabis, alcohol abuse, concurrent neurologic dis-

eases, treatment with steroids in the past 3 months, neuropsycho-

logical testing in the past year, claustrophobia, mental handicap,

and psychosis. All subjects had normal or corrected-to-normal

vision.

Cannabis group. Subjects (n 5 20) who regularly used canna-

bis and whose urine tested positive for cannabis metabolites only

were enrolled. The duration, method, and frequency of use of

cannabis were obtained. The reasons for using cannabis were

divided into medical, recreational, or both. To avoid assessing

subjects who were acutely intoxicated, participants were asked

to refrain from using cannabis for 12 hours before testing. Before

proceeding with the protocol, saliva samples were screened for

D9-tetrahydrocannabinol using NarcoCheck, which detects

cannabis use within the last 4 to 6 hours. If positive, subjects

were withdrawn from the study. Finally, cannabis subjects

completed the Cannabis Withdrawal Scale,10 which quantifies

symptoms of cannabis withdrawal according to these scores:

,51 none; 52–66 mild to moderate; and .66 severe.

Control sample. Subjects with MS (n 5 19) who had never

used cannabis were group-matched to the cannabis group on

demographic and disease-related variables. All control subjects

had negative urine and saliva tests.

Urinalysis for cannabis metabolites. A broad-spectrum urine

analysis was conducted by a toxicology laboratory to determine the

presence of cannabis, cocaine, opiates, amphetamines, barbiturates,

and phencyclidine. The cannabinoid assay detected levels of THC-

COOH glucuronide and THC-COOH, which were reported as a

composite score.

Demographic and neurologic data. Demographic and

disease-related variables were obtained at the time of testing.

Visual acuity (Snellen Chart), handedness (all right-handed), and

Expanded Disability Status Scale scores were recorded.

Neuropsychological testing. All participants were given the

Brief Repeatable Battery of Neuropsychological Tests in MS,11

which includes measures of verbal (Selective Reminding Test

Revised) and visual (10/36 Spatial Recall Test) memory, infor-

mation processing speed (Paced Auditory Serial Addition Test

[PASAT; 2 and 3 seconds] and Symbol Digit Modalities Test),

and attention (Word List Generation). Subjects were deemed to

have failed a test if their scores were more than 1.5 SDs below age-

and education-corrected published normative data. Failure on

2 or more tests, by convention, signaled global impairment.1

In addition, manual dexterity was assessed with the Purdue

Pegboard Test,12 premorbid IQ with the Wechsler Test of Adult

Reading,13 anxiety and depression with the Hospital Anxiety

and Depression Scale in which scores$8 denote clinically signifi-

cant anxiety and depression, respectively,14 and fatigue with the

modified Fatigue Impact Scale.15

The N-Back,16 a test of working memory, was modified for

fMRI presentation to avoid verbal responses. Subjects responded

to each visual stimulus via a 2-button response pad (Current

Designs, Inc., Philadelphia, PA) with accuracy and response times

recorded. A 3-letter version (0, 1, and 2 Backs) was used in which

test stimuli are pseudo-randomized alphabetic letters presented

one at a time for 500 milliseconds with an interstimulus interval

of 1,500 milliseconds. In the 0-Back condition, subjects press

a “target” button when a designated letter appears and the “non-

target” button when presented with any other letter. In the 1- and

2-Back conditions, participants press the target button when the

letter presented matches to the letter 1 or 2 letters preceding it, res-

pectively. Otherwise, they press the nontarget button. The N-Back

was presented in 30-second blocks.

MRI scanning parameters. MRIs were collected on a 3-tesla

MRI scanner (GE Healthcare, Milwaukee, WI) using a standard

birdcage head coil. Before the functional scans, high-resolution

anatomical scans were acquired for each subject (repetition time

[TR] 5 8.1 milliseconds, echo time [TE] 5 3.2, flip angle 5 8°,

field of view [FOV] 5 22 cm, 190 slices, slice thickness 5 1 mm)

for later coregistration with functional maps. PD/T2 (TR 5 2,500

milliseconds, TE 5 11.1/90, flip angle 5 90°, FOV 5 22 cm,

48 slices, slice thickness 5 3 mm) and fluid-attenuated inversion

recovery (TR 5 9,700 milliseconds, TE 5 140, FOV 5 22 cm,

48 slices, slice thickness 5 3 mm) images were also collected.

The fMRI acquisitions utilized T2-weighted, gradient-echo

imaging to obtain blood oxygenation level–dependent images, from

which maps of inferred neuronal activation were derived. The cur-

rent protocole1 involves single-shot spiral k-space acquisitions with

in-out readout, as developed at Stanford University (flip angle/TE/

TR5 70°/30 milliseconds/2,000 milliseconds, 20 cm FOV, 5-mm

thick, 26 slices, effective matrix size 903 90). The durations of the

resting-state and N-Back fMRI scans were 7 minutes and 10 mi-

nutes, 30 seconds, respectively.

An axial cardiac-gated DTI sequence (TR5 8,800 milliseconds,

TE 5 80 milliseconds, FOV 5 38 cm, slice thickness 5 3 mm,

48 slices with 23 gradient orientations) was acquired with a

b value 5 1,000 with 2 non-diffusion-weighted baseline images

(b 5 0).

fMRI analysis. First, the resting-state analysis was performed

using Probabilistic Independent Component Analysise2 in

MELODIC (Multivariate Exploratory Linear Decomposition into

Independent Components) version 3.13, part of FSL (FMRIB’s

Software Library).e3 The fMRI data were processed with FEAT

(FMRI Expert Analysis Tool) version 6.00 and applied to the

input data as follows: high-pass filter cutoff of 100 (seconds),

MCFLIRT motion correction with a slice timing correction,

spatial smoothing with a full-width half-maximum value of 5 mm

and high-pass temporal filtering. The resulting voxel size of the

resting-state data was 4 3 4 3 4 mm. Single-session MELODIC
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analyses were inspected visually to exclude structured noise

components of noninterest. Cumulative head motion accrued

during the resting-state fMRI was calculated as a single

displacement metric for each subject and used as a covariate in

the group analysis. Resting-state fMRIs were temporal

concatenated for multisession group Independent Component

Analysis on variance-normalized data. Registration was performed

using the standard Montreal Neurological Institute (MNI)152

2-mm brain template. Registration to high-resolution structural

and standard-space images was performed using FLIRT

(FMRIB’s Linear Image Registration Tool).e4,e5 The functional

data were registered first to each subject’s T1 structural images

and then into the MNI 2-mm standard space.

Independent components were reviewed and selected from

the group MELODIC analysis. The default mode network, fron-

toparietal networks, and the executive control network were cho-

sen because of their potential relevance to cannabis effects. As

primary sensory regions, the medial visual and sensory-motor net-

works were also chosen. An expanded list of additional resting-

state networks (RSNs) would entail more conservative correction

for multiple comparisons (i.e., Bonferroni correction for every

RSN). Therefore, the within-RSN voxel-wise group comparison

was restricted to 6 RSNs. The RSNs were back-projected into

individual subject datasets using dual regression to facilitate a

voxel-wise analysis.e6 An unpaired group analysis comparing can-

nabis and noncannabis users was performed with 5,000 permu-

tations using an established neuroimaging group analysis tool.e7

Significant voxels were corrected for multiple comparisons at p,
0.05 and incorporated default settings for threshold-free cluster

enhancement.e8

Second, for the N-Back task, image preprocessing and sta-

tistical analyses were performed using BrainVoyager QX 2.6

(Brain Innovation, Maastricht, the Netherlands). Before core-

gistration, the task-fMRI data were preprocessed by linear

trend removal, gaussian spatial smoothing with a full-width

half-maximum value of 6 mm, and a 3-dimensional motion correc-

tion using trilinear interpolation to detect and correct for small head

movements during the scan by spatially realigning all subsequent

volumes to the fifth volume. Functional datasets were transformed

into Talairach space by coregistering the functional data with the

anatomical data for each participant. Subsequent analyses were per-

formed within individual participants and across the groups. The

first 5 of 320 volumes of each time series were deleted to remove

transient signal changes related to the steady magnetization.

To statistically evaluate the relative differences across the 3

N-Back conditions within groups (0, 1, 2 Back), a multiple regres-

sion approach was employed using 3 predictors with the rest peri-

ods (10 seconds before each block and 30 seconds between N-Back

conditions) serving as a baseline. The stimulation protocol was con-

volved with a boxcar hemodynamic response functione9 to account

for the expected shape and temporal delays of the physiologic

response and was used in the general linear model. A random-

effects analysis was used within groups to generate activation maps

for each N-Back task individually. A random-effects analysis was

also used to compare activations across the groups. Contrast maps

were created using a voxel-based approach to show relative changes

between tasks or across groups. Activated voxels were considered

significant if the threshold exceeded p , 0.001 uncorrected and

formed a cluster of 33 contiguous voxels, based on a cluster size

threshold estimator simulation (BrainVoyager QX 2.6 software,

Brain Innovation), corresponding to a corrected threshold of p ,
0.05.e10 The center of gravity and t statistics were extracted for each
significant cluster. All functional imaging analyses were conducted

blinded to the cognitive results.

Structural imaging.

1. For lesion analysis, total hyper- and hypointense lesion vol-

umes were obtained using FLEX, an in-house–derived soft-

ware program, details of which have been published

elsewhere.e11

2. The T1-weighted image was segmented into gray matter,

white matter, and CSF using an in-house automatic segmen-

tation algorithm.e12,e13 Lesion volumes were subtracted from

the white and gray matter tissue thereby leaving regions of

normal-appearing white matter (NAWM) and gray matter

(NAGM). Atrophy of NAWM and NAGM was measured as

the proportion of the total intracranial volume including CSF.

3. DTI analysis provided fractional anisotropy (FA) and mean

diffusivity (MD) of NAWM and NAGM according to a pre-

viously published in-house methodology summarized here.e14

The DTI data were corrected for motion and eddy-current

distortions. FA and MDmaps were created from the corrected

data using DTI studio (version 2.4.01). To generate whole-

brain FA and MD data, the tissue segmentations were moved

into DTI space by nonlinear registration of the T1-weighted

images with their first baseline DTI volume. For this dataset,

the optimal pipeline consisted of a multistage affine registra-

tion of T1 to DTI and T2 to DTI using the spin-echo and fast

spin-echo images. Once image alignment had been achieved,

the T2 image and DTI were fully registered using nonlinear

registration. Finally, rotation matrices were combined to gen-

erate the nonlinear rotation required to move the T1-weighted

image and subsequent segmentation image into DTI space,

which were resliced using nearest neighbor interpolation. The

tissue segmentation masks were combined with the FA and

MD maps to obtain average values for NAWM and NAGM.

Standard protocol approvals, registrations, and patient
consents. The study received ethical approval and informed con-

sent was obtained from all subjects.

RESULTS Demographic and disease-related variables.

There were no significant differences in demographic
and disease characteristics between the 2 groups
(see table 1).

Cannabis data. Smoking was the only method of canna-
bis use, with frequency varying as follows: daily (n 5

17), 4 to 5 times a week (n 5 2), and 2 to 3 times a
week (n5 1). Fourteen subjects reported cannabis use
for medical reasons (pain, spasticity, insomnia, anxiety,
a combination of factors), 2 for recreation, and 4 for
both. The mean score on the Cannabis Withdrawal
Scale was 15 (SD 5 18.4). Two subjects endorsed
withdrawal symptoms at the very mildest end of the
range (scores of 52 and 56, respectively).

Psychometric data. The cannabis group performed
statistically more poorly on the 2-second PASAT
and the 10/36 test (see table 2). The 2 groups had
similar scores on the modified Fatigue Impact
Scale and Hospital Anxiety and Depression Scale.
Global cognitive impairment did not correlate
with frequency of cannabis use (r 5 0.32; p 5 0.17)
or urine concentration of metabolites (r 5 0.32;
p 5 0.17).
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Regarding the fMRI N-Back task, there were no
statistically significant between-group differences for
the 0- and 1-Back trials. However, on the 2-Back
trial, the cannabis group obtained fewer correct

responses but showed no difference in reaction times
(see table 2). A repeated-measures analysis of variance
revealed a significant group (cannabis vs noncanna-
bis) 3 trial interaction for the number of correct

Table 1 Demographic and disease characteristics of MS cannabis and MS noncannabis groups

Sample characteristics
MS cannabis
(n 5 20)

MS noncannabis
(n 5 19) t Test/x2 p

Age, y, mean (SD) 41.30 (11.28) 43.89 (9.085) t 5 27.88 0.44

Females, n (%) 6 (30.0) 6 (31.6) x2 5 0.011 0.92

Years of education, mean (SD) 14.3 (1.8) 15.2 (2.0) t 5 21.5 0.14

EDSS score, mean (SD); median (range) 2.83 (2.2); 3.0 (0–8.0) 2.47 (1.52); 2.0 (0–8.5) t 5 20.62 0.54

Currently employed, n (%) 10 (50.0) 10 (52.6) x2 5 0.27 0.87

Disease-modifying drugs, n (%) 7 (35.0) 9 (47.4) x2 5 0.62 0.43

Disease course, n

RRMS 16 17 x2 5 0.67 0.88

PPMS 2 1

SPMS 2 1

Disease duration, y, mean (SD) 9.5 (7.24) 9.9 (9.6) t 5 20.79 0.44

Urine concentration of cannabis metabolite,
mg/L, mean (SD)

246 (90.0) 0 — —

Abbreviations: EDSS 5 Expanded Disability Status Scale; MS 5 multiple sclerosis; PPMS 5 primary progressive MS;
RRMS 5 relapsing-remitting MS; SPMS 5 secondary progressive MS.

Table 2 Premorbid IQ and cognitive test scores for cannabis and noncannabis groups

MS cannabis, mean
(SD)/frequency (%)
(n 5 20)

MS noncannabis, mean
(SD)/frequency (%)
(n 5 19) t Test/x2 p

WTAR predicted 110.85 (9.13) 110.57 (8.21) t 5 0.97 0.92

Purdue Peg Test, both hands, no. of pegs 8.63 (1.77) 8.75 (2.0) t 5 20.20 0.85

Selective Reminding Test, LTS 44.30 (16.6) 45.37 (13.6) t 5 20.22 0.83

10/36 Spatial Recall Test, total correct 16.40 (7.4) 20.79 (4.1) t 5 22.29 0.03

Word Fluency Test, total 41.75 (13.4) 39.9 (9.5) t 5 0.50 0.62

PASAT 2 s, no. correct 28.35 (13.3) 39.47 (15.35) t 5 22.41 0.02

SDMT, no. correct 41.55 (9.7) 43.53 (10.0) t 5 20.63 0.54

Global cognitive impairment, no. of subjects 8 (40.0) 3 (16.8) x2 5 2.82 0.09

HADS score ‡8

Anxiety 13 (65.0) 11 (58.0) x2 5 0.21 0.65

Depression 11 (55.0) 8 (40.0) x2 5 0.85 0.42

mFIS total 42.9 (20.1) 39.16 (20.13) t 5 0.58 0.57

fMRI cognitive tasks

0-Back, targets correct 14.3 (1.2) 14.8 (0.54) t 5 21.66 0.10

0-Back reaction time, ms 691.7 (259.3) 628.9 (120.5) t 5 0.98 0.34

1-Back, targets correct 8.25 (0.79) 8.53 (0.61) t 5 21.23 0.23

1-Back reaction time, ms 817.7 (230.7) 720.8 (181.2) t 5 1.46 0.15

2-Back, targets correct 4.95 (1.54) 6.32 (1.4) t 5 22.89 0.006

2-Back reaction time, ms 1,072.31 (196.3) 995.7 (264.8) t 5 1.02 0.31

Abbreviations: HADS 5 Hospital Anxiety and Depression Scale; LTS 5 long-term storage; mFIS 5 modified Fatigue Impact
Scale; MS 5 multiple sclerosis; PASAT 5 Paced Auditory Serial Addition Test; SDMT 5 Symbol Digit Modalities Test;
WTAR 5 Wechsler Test of Adult Reading.
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responses (F 5 3.83; p 5 0.03) but not for reaction
times (F 5 0.41; p 5 0.67).

fMRI data. The key areas of coactivation identified by
the RSN group analysis are summarized in table e-1 on
theNeurology®Web site at Neurology.org. The default
mode, right frontoparietal, left frontoparietal, executive
control, sensory-motor, and visual networks were
clearly identified in both groups. No between-group
contrasts of each network proved to be significant
(pcorrected . 0.05). The noncannabis groups showed
a small but significantly larger amount of cumulative head
motion during the resting-state fMRI (p 5 0.045).
Between-group analyses in RSNs were performed using

cumulative head motion as a covariate, which again
showed no significant RSN differences (pcorrected. 0.05).

Within-group regions of activation on the N-Back
task are shown in table e-2. Both groups activated
prefrontal, anterior cingulate, and posterior parietal
circuits that are known to characterize the functional
neuroanatomy of the N-Back task.9 Focusing on the
0-Back and 2-Back trials, numerous ancillary regions
were seen to activate as well with an even more diffuse
pattern observed in the cannabis group (see figure 1).

Between-group comparisons (cannabis. noncan-
nabis) for the 0-Back and 2-Back task are shown in
table 3. Of note is that parietal and anterior cingulate
activations were only present in the cannabis group

Figure 1 Within-group activation maps for the cannabis and noncannabis groups

Within-group activation maps for the cannabis and noncannabis groups during the 0-Back (A) and 2-Back (B) tasks.
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for both tasks. Similarly, frontal activation appeared
more prominently in the cannabis group across tasks
(see figure 2).

Structural MRI. The 2 MS groups did not differ
regarding total T2 (t 5 0.56; p 5 0.58) and T1 (t 5
0.25; p 5 0.81) lesion volumes and whole-brain gray
(t5 20.29; p5 0.78) and white (t5 0.51; p5 0.62)
matter volumes. No differences in FA in NAWM
(t 5 21.5; p 5 0.13) and NAGM (t 5 1.2; p 5

2.4) and MD in NAWM (t 5 1.5; p 5 0.15) and
NAGM (t 5 1.1; p 5 0.27) were found.

DISCUSSION We have shown that patients with MS
who smoke cannabis on a regular basis have more
cognitive deficits than a matched group of patients
with MS who are drug-free. Our cognitive findings
therefore replicate the results of previous studies in
samples of similar composition.3 Furthermore, we
have shown that more extensive working memory
problems in the cannabis group were associated with a

different pattern of cerebral activation observed on
fMRI. Significantly, no structural differences, be they
lesion volume, global atrophy, or DTI metrics, were
discernible between the groups, a finding that overlaps
with results from numerous cannabis imaging studies in
healthy subjects (see Martin-Santos et al.17 for a review).

When interpreting our resting-state data, some
clinical points need emphasis. First, we achieved a
strong group matching regarding demographic and
standard neurologic variables, such as Expanded Dis-
ability Status Scale scores and disease type. Moreover,
the cannabis group was no more anxious, depressed,
or fatigued than their noncannabis counterparts. Each
one of these symptoms could have influenced the
RSN data.18 Second, we excluded subjects using can-
nabis who were acutely intoxicated or going through
cannabis withdrawal symptoms, variables that may
influence cognition in healthy subjects.19 Acute can-
nabis intoxication is more clearly associated with cog-
nitive dysfunction,20 emotional changes,21 and an

Table 3 Activation for the 0-Back and 2-Back contrasts

X Y Z z Scorea p Value Cluster size

0-Back contrast

Right postcentral gyrus 26 244 64 3.85 0.001 1,003

Right cuneus 5 292 30 3.36 0.001 512

Right lingual gyrus 2 2101 26 3.61 0.001 520

Right precuneus 8 284 42 3.04 0.004 660

Left middle frontal gyrus 234 40 27 2.76 0.008 1,854

Left inferior parietal lobule 252 226 33 2.85 0.007 756

Left lentiform nucleus 222 13 9 23.08 0.003 1,648

Right precentral gyrus 32 214 42 22.65 0.001 523

Right parahippocampal gyrus 11 28 218 24.56 0.009 4,012

Right superior temporal gyrus 56 247 14 23.13 0.007 701

Left cerebellum 250 268 227 23.58 0.001 700

2-Back contrast

Right cuneus 11 289 24 3.70 0.001 1,594

Right anterior cingulate 2 31 21 3.95 0.001 736

Right lingual gyrus 8 292 23 3.06 0.004 733

Right superior frontal gyrus 210 31 48 3.57 0.001 652

Left superior frontal gyrus 216 61 15 3.15 0.003 1,103

Right postcentral gyrus 26 241 64 3.11 0.003 616

Left superior temporal gyrus 222 10 233 3.65 0.001 2,720

Right inferior temporal gyrus 52 246 213 23.91 0.001 1,169

Right superior temporal gyrus 47 253 18 23.00 0.004 888

Right middle frontal gyrus 38 25 51 23.19 0.004 653

Right middle occipital gyrus 26 256 27 23.44 0.001 825

Left cerebellum 234 268 224 24.17 0.001 4,003

Cannabis . noncannabis; p , 0.05, cluster size $500.
a Positive z scores denote more prominent activation in the cannabis group.
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altered physiology22 unlike the nonacute state under
investigation, while cannabis withdrawal is associated
with a plethora of symptoms (e.g., irritability, sleep-
lessness, restlessness) all of which, in theory, could
have influenced RSN, including default mode net-
work, findings. Third, our cannabis and noncannabis
groups did not differ in structural measures of brain
integrity (lesions and atrophy volumes, indices of
normal-appearing brain tissue), indices known to influ-
ence RSN activity.23 This multidimensional overlap
between the 2 groups may therefore explain the
absence of RSN differences, notwithstanding the pres-
ence of cannabis metabolites in one of the groups only.

There are no antecedent published results that
address resting-state activation or deactivation in pa-
tients with MS who have smoked cannabis. Similarly,
looking beyond MS, the resting-state functional
imaging literature gives few clues as well. Of the 6
resting-state studies that explored the nonacute effects
of cannabis, only one used fMRI24 and here the
emphasis was on cerebral blood volume as elicited
by dynamic susceptibility contrast MRI. Serial data
were collected during an enforced period of absti-
nence from cannabis users and healthy, nondrug-
using control subjects. Initial measures (days 0 and
7) revealed the former to have increased cerebral
blood volume in the right frontal region, bilateral
temporal regions, and the cerebellum, a finding that
was only applicable to the left temporal region and
cerebellum by day 28. The remaining 5 imaging stud-
ies that compared cannabis users and nonusers com-
prise 3 with SPECT and 2 with PET and showed a
mixed picture of regional or global cerebral blood

flow: no differences,25 reduced,26–28 or both reduced
and increased depending on anatomical location29 in
the cannabis users.

An additional aim of the study was to assess cerebral
activation in cannabis-positive and -negative subjects
during a working memory task. The most notable psy-
chometric finding was that differences between groups
only became apparent on the 2-Back task. Functional
brain imaging differences were, however, evident
before this cognitive fall-off became apparent and were
present even in the 0-Back trial.

The N-Back has been thoroughly studied in healthy
subjects. A meta-analysis of fMRI studies with a meth-
odology similar to ours has consistently revealed a net-
work that comprises prefrontal, premotor, anterior
cingulate, and posterior parietal activation.9 This pat-
tern of activation differs from that seen in identity mon-
itoring of verbal stimuli where activity in the
ventrolateral prefrontal cortex, in particular, features
more prominently.30 A different picture emerges in sub-
jects with MS.6–8 Here, the findings can broadly be
summarized as patterns of underactivity and overactiv-
ity in regions identified as functionally relevant in the
healthy control data plus overactivity in ancillary re-
gions, i.e., those not typically observed in the healthy
control subjects. In addition, subjects with MS show
increased activity relative to healthy controls as cogni-
tive tasks become more complex. This shifting pattern
of activation intensity and location has been interpreted
as evidence of neural plasticity.31 To a degree, these
compensatory efforts can boost psychometric perfor-
mance giving rise to similar N-Back results between
subjects with MS and healthy controls.7,8 However,

Figure 2 Between-group activation maps for the cannabis and noncannabis groups

Between-group activation maps for the cannabis and noncannabis groups during the 0-Back (A) and 2-Back (B) tasks.
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plasticity in MS has a threshold beyond which greater
cognitive deficits become apparent, particularly as task
complexity increases. This was revealed in our study,
albeit in the context of cannabis use, where cognitive
differences on the N-Back only emerged in the 2-back
trial.

Both MS groups (cannabis and noncannabis) acti-
vated medial frontal, posterior parietal, and anterior
cingulate regions when performing the N-Back task
across all 3 trials. These regions are known to under-
pin the performance of this paradigm in healthy con-
trol subjects as well.9 Of note, however, is that the
anterior cingulate region was more ventral (BA24)
than the dorsal activation found in healthy subjects.
This less anatomically focused activation, which
matches findings from the MS N-Back literature in
general appears to disperse even further in cannabis
users. Not only is brain activation more scattered, it is
increased in prefrontal, anterior cingulate, postparie-
tal regions relative to noncannabis users. This is most
telling revealed in between-group comparisons on the
2-Back task where heightened activation is associated
with more errors made. In interpreting this cannabis-
related finding, the possibility must be considered
that certain regional activations owe more to the
direct effects of regular cannabis use on brain func-
tion, for example, changes in vigilance or cerebral
perfusion, than a cerebral response to the cognitive
demands of the N-Back task.32 If this was indeed the
case, one could expect to find differences in RSNs
between the cannabis and noncannabis groups. No
such differences were, however, noted.

It is unclear to what degree these findings in the
cannabis group replicate or differ from those seen in
healthy subjects who smoke cannabis. Comparisons
are hindered by few studies and samples limited to ado-
lescents33 or young adults where the focus has been on
visuospatial rather than verbal memory.34 That said,
the few studies of working memory suggest a mixed
pattern of increased activity both in regions implicated
in verbal memory, i.e., the parietal cortex,35 coupled
with hypoactivity in other regions, most notably fron-
tal.36 A similar pattern of increased activation, thought
to reflect compensatory “work harder”mechanisms has
been observed in tests of visuospatial memory in can-
nabis users compared with drug-free healthy subjects.34

In 2 previous MS studies, we reported that smok-
ing cannabis added to the cognitive burden associated
with the neurologic disease. The present functional
imaging study provides confirmation of our earlier
psychometric results and adds to it by demonstrating
a more disorderly pattern of cerebral activation in
cannabis users indicative of compensatory attempts
that cannot overcome increasing task complexity.
These latest findings need replication before more
definitive conclusions can be reached. In addition,

the failure to find more extensive structural brain
abnormalities in cannabis smokers needs to be revisited
with the emphasis not only on global brain metrics, as
in this study, but also on focal regions associated with
the kinds of cognitive deficits, i.e., working memory
and information processing speed, elicited in our
study. Such an approach, currently under way, holds
out the promise of linking functional abnormalities
more closely to underlying structural deficits.
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