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Antipsychotic (AP) medications are the mainstay for the
treatment of schizophrenia spectrum disorders (SSD),
but their efficacy is unpredictable and widely variable.
Substantial efforts have been made to identify prognostic
biomarkers that can be used to guide optimal prescription
strategies for individual patients. Striatal regions involved
in salience and reward processing are disrupted as a result
of both SSD and cannabis use, and research demonstrates
that striatal circuitry may be integral to response to AP
drugs. In the present study, we used functional magnetic
resonance imaging (fMRI) to investigate the relationship
between a history of cannabis use disorder (CUD) and a
striatal connectivity index (SCI), a previously developed
neural biomarker for AP treatment response in SSD.
Patients were part of a 12-week randomized, double-blind
controlled treatment study of AP drugs. A sample of 48
first-episode SSD patients with no more than 2 weeks of
lifetime exposure to AP medications, underwent a resting-
state fMRI scan pretreatment. Treatment response was de-
fined a priori as a binary (response/nonresponse) variable,
and a SCI was calculated in each patient. We examined
whether there was an interaction between lifetime CUD
history and the SCI in relation to treatment response. We
found that CUD history moderated the relationship be-
tween SCI and treatment response, such that it had little
predictive value in SSD patients with a CUD history. In
sum, our findings highlight that biomarker development
can be critically impacted by patient behaviors that influ-
ence neurobiology, such as a history of CUD.

Key words: schizophrenia/cannabis/functional magnetic
resonance imaging/biomarker/antipsychotics

Introduction

Antipsychotic drug (AP) treatment is the mainstay of
treatment for patients with schizophrenia spectrum
disorders (SSD), but clinical response to these medications
is variable and unpredictable.!? Identifying effective
treatments often depend on trial and error, which can
delay clinical improvement for patients. Thus, the iden-
tification of biomarkers that can predict antipsychotic
treatment response is critically needed. Biomarkers based
on data derived from brain imaging have recently shown
considerable promise in estimating individual clinical
outcome.** Magnetic resonance imaging (MRI) studies
have found neuroanatomical differences such as struc-
tural morphology,® volume,*” ventricle size,® and cortical
thickness,”!* as well as differences in functional connec-
tivity!'1% to be associated with likelihood of AP response.

However, such efforts have not yet considered the het-
erogeneous nature of this patient population and how in-
dividual characteristics or lifestyle patterns may impact
the utility of such biomarkers. For example, cannabis
use among patients with SSD is disproportionate relative
to healthy individuals.!*!* The effects of cannabis on the
neural circuitry implicated in clinical improvement has
been largely ignored in SSD patients despite evidence that
it influences these brain regions in healthy individuals.
Without this knowledge, the prognostic accuracy of
biomarkers may not be generalizable to the substantial
number of patients who use cannabis prior to AP treat-
ment. This study aims to examine the extent to which a
history of cannabis use disorder (CUD) impacts a previ-
ously established neural biomarker of treatment response
in first-episode SSD patients.
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Compared to the general population, patients with
SSD have a 10-fold increased risk of CUD,'* an illness
characterized as a pattern of repeated cannabis use that
results in harmful consequences leading to significant
distress or functional impairment.'® A meta-analysis of
the epidemiology of CUD in SSD patients (N = 5572
from 35 studies) reports that 44.4% of first-episode SSD
populations will meet DSM-V criteria for CUD in their
lifetime and that 28.6% meet criteria for current CUD."
Moreover, patients with CUD evidence significantly
worse outcomes than patients without a comorbid diag-
nosis, including symptom exacerbation, increased likeli-
hood of psychotic relapse,'*!” medication non-adherence
and poorer global functioning.?**

The neural mechanisms relating cannabis use to
poorer prognosis in SSD patients are poorly understood.
However, abnormalities in the striatum, a neural structure
involved in reward and salience processing that contains a
substantial quantity of dopamine receptors,?** have long
been acknowledged to play a prominent role in both psy-
chotic symptomology and addiction.?® ?® Theories of SSD
etiology propose that an aberrant striatal dopaminergic
system contributes to psychosis and have been supported
by neuroimaging studies that demonstrate SSD to be as-
sociated with hyperactive dopamine activity in striatal re-
gions coupled with Aypoactive dopamine activity in the
prefrontal cortex.?* Similarly, models of drug addic-
tion propose a dysfunctional striatal dopamine system in
which there is reduced functional connectivity between
the pleasure-seeking striatum with the prefrontal cortex’s
behavioral and cognitive control centers. Attenuated
connectivity between these regions is hypothesized to
make individuals susceptible to the overuse of pleasure-
inducing substances.*

Notably, efforts to develop imaging-based biomarkers
of antipsychotic treatment response have targeted the
striatum. For example, using data derived from resting-
state functional magnetic resonance imaging (rs-fMRI),
our group reported that a baseline striatal connectivity
index (SCI), a measure of the strength of striatum’s con-
nectivity with other neural regions, could be used as a
biomarker to distinguish responders from nonresponders
to antipsychotic treatment response in 2 cohorts of SSD
patients. Specifically, Sarpal et al** found that antipsy-
chotic treatment response was associated with lower
baseline functional SCI. This is consistent with other
studies that have found the striatum to be involved with
treatment outcomes. For example, a longitudinal positron
emission tomography study (PET) of 29 patients with
SSD demonstrated that greater resting cerebral blood
flow in the ventral striatum was associated with a subse-
quent reduction in psychotic symptoms.*® Additionally,
treatment responders have been found to exhibit ele-
vated striatal dopamine synthesis and release, whereas
treatment-resistant patients do not show such dopamine
alterations in the striatum. These results suggest that APs
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may be effective by way of stabilizing striatal dopamin-
ergic aberrancies® and support targeting the striatum in
the development of biomarkers for treatment response.

Cannabis has also been demonstrated to impact the
striatum in both animal and human studies. fMRI re-
search demonstrates that in nonpsychotic samples, both
acute inductions of cannabis and chronic use are asso-
ciated with decreased resting-state functional connec-
tivity in neural pathways known to be impaired in SSD
patients, specifically between the dorsal striatum and
prefrontal cortical areas (eg, dorsolateral prefrontal
cortex, or DLPFC).?” Acute inductions of cannabis cause
an increase in dopamine release and striatal neuronal
firing*® " while chronic cannabis use is linked to blunted
striatal dopamine release.*** Although few studies have
examined cannabis use in SSD populations, cross-sec-
tional structural MRI studies demonstrate that cannabis-
using SSD patients exhibit reduced gray matter in striatal
regions.****¢ The sole longitudinal structural MRI study
to track SSD patients over a 5-year period showed that
cannabis users evidenced greater gray matter volume
reductions and ventricle enlargement than nonusers.*’

Taken together, evidence suggests that cannabis may
influence neural processes related to treatment response
in SSD and underscores the importance of research that
accounts for cannabis use in the development of neural
biomarkers to ensure their prognostic accuracy. To our
knowledge, no functional magnetic resonance imaging
(fMRI) studies have examined the impact of CUD on
the striatal connectivity underlying antipsychotic treat-
ment response. Thus, in this study, we used rs-fMRI to
investigate the relationship between a putative striatal
biomarker for AP treatment response and a history of
CUD in patients experiencing their first episode of SSD.
We hypothesized that CUD history would attenuate the
relationship between baseline striatal connectivity and
treatment outcome, given the impact of cannabis on the
striatum.

Methods

Participants

The sample was comprised of 48 first-episode SSD (schiz-
ophrenia, schizophreniform disorder, schizoaftective
disorder, or psychotic disorder not otherwise specified)
patients who were part of a 52-week double-blind
randomized controlled treatment study of second-gen-
eration AP drugs (risperidone or aripiprazole)*; the
present analysis only includes data from the first 12
weeks of treatment, the acute treatment phase. Forty-
one patients of the present sample were previously used
in the original research that developed our putative bi-
omarker of interest?*; the additional 7 patients included
here were part of the same study but had data that
was unavailable at the time the prior manuscript* was
published.



Patients had no more than 2 weeks of cumulative life-
time exposure to AP medications and met the following
inclusion criteria based on our previous first-episode
SSD research: (1) DSM-IV criteria for schizophrenia,
schizophreniform disorder, schizoaffective disorder or
psychotic disorder NOS; (2) Current positive symptoms
rated >4 (moderate) on at least one of the following Brief
Psychiatric Rating Scale- Anchored Version (BPRS-A)¥
items: hallucinatory behavior, unusual thought content,
grandiosity or conceptual disorganization; (3) Within age
16-40; (4) Competent to provide informed consent; and
(5) Negative pregnancy test. Patients were excluded if any
of the following criteria were present: (1) Neurological
or endocrine disorder; (2) Any medical condition
requiring medication with known psychotropic effects;
(3) Suicidal or homicidal behavior risk; (4) Cognitive or
language impairments, or other factors compromising in-
formed consent; (5) Contraindications to risperidone or
aripiprazole monotherapy; (6) MRI contraindications
(eg, pacemaker, claustrophobia); and (7) Presence of
substance-induced psychosis as defined by DSM-1V.

Diagnosis

Patients completed the Structured Clinical Interview for
DSM-1V (SCID-IV)*® to confirm they were diagnosti-
cally eligible for the study and to evaluate lifetime his-
tory of CUD, as well as other substance use disorders. In
order to rule out a diagnosis of substance-induced psy-
chosis, patients were required to have a 1-month period
in which psychotic symptoms were present without the
influence of substance intoxication or withdrawal. The
Brief Psychiatric Rating Scale-A* and the Clinical Global
Impressions Scale (CGI)*! were used to index clinical im-
provement of psychotic symptoms and were administered
weekly during the initial 4 weeks of treatment, and bi-
weekly for the remaining 8 weeks of the acute treatment
phase. A resting-state fMRI scan was conducted at base-
line of AP treatment.

Treatment Response

Treatment response was based on prior work in first-
episode patients* and defined as a binary (response/
nonresponse) variable defined a priori as achieving 2 con-
secutive ratings during the 12-week treatment period that
fulfilled the following criteria: (1) a rating of 3 (mild) or
less on all of the following items of the BPRS: unusual
thought content, hallucinatory behavior, grandiosity, and
conceptual disorganization; and (2) CGI improvement
rating “very improved” or “much improved.”

Resting-State fMRI Image Acquisition and
Preprocessing

A GE 3-T scanner was used to collect 5S-minute resting-
state functional scans on each patient (150 whole-brain
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volumes). Participants were asked to close their eyes
and instructed not to think of anything in particular.
They were spoken to between scan sequences to ensure
they were awake. Methods for fMRI image acquisition,
preprocessing and motion correction have been pre-
viously described in Sarpal et al* and are included in
Supplementary Materials.

Functional Connectivity Analyses

The methodology to develop the SCI is adapted from the
original Sarpal et al. manuscript*; the same process was
used to calculate the SCI for the present analyses. The ra-
tionale for our functional connectivity method is that this
is the methodology we have used for previous functional
connectivity analyses.***? As our prior data was based
upon this, and we were aiming to demonstrate the influ-
ence of cannabis on the utility of this metric, we elected
to use this methodology in the current manuscript. The
original SCI was developed using a sample of 41 first-
episode psychosis patients. The aim was to establish a
biomarker of treatment response based on intrinsic func-
tional connectivity between striatal subregions and the
rest of the brain.

For the original SCI development, a seed-based ap-
proach was applied to the striatum utilizing the methods
of Di Martino et al.*® Using their coordinates, 3.5-mm
spherical regions of interest (ROI) were created, bilat-
erally, in the dorsal caudate, ventral caudate, nucleus
accumbens, dorsal rostral putamen, dorsal caudal pu-
tamen, and ventral rostral putamen. Once these ROIs
were defined, the mean time course of resting-state blood-
oxygen-level-dependent activity was extracted from each
seed region. Whole-brain voxel-wise correlation maps for
each ROI were created with the extracted waveform as a
reference. The Fisher z-transformation was applied to the
subsequent correlation maps.

The striatal connectivity z maps were used to de-
velop the SCI using the following steps: (1) for each
voxel located within gray matter (181 144 voxels
total), the corresponding connectivity strength for
each patient was entered into a univariate Cox regres-
sion analysis along with clinical outcome (response or
nonresponse), and time to outcome or study dropout
(in weeks); (2) entering the z scores for each voxel
from this analysis in Montreal Neurological Institute
standard brain space to generate whole-brain maps;
and (3) performing one-sample #-tests at the group
level on these maps for each ROI. Though it is typ-
ical in case-control studies of psychiatric illness to
use Bonferroni-style corrections on functional neu-
roimaging data, the goal was to capture the greatest
amount of treatment-related variance for the po-
tential biomarker; thus, a threshold of P < .005 was
used for the analysis of the data set. A total of 91
functional connections across the 12 input ROIs
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predicted treatment response, which are included in
the Supplementary Material of Sarpal et al.*

The SCI was then calculated using data from the 91
predictive striatal functional connections. In order to
minimize overfitting and reduce circularity, the data from
the first-episode psychosis patients was normalized using
data from age- and-sex matched healthy participants. To
do so, raw correlational values of the 91 predictive stri-
atal functional connections were extracted from con-
nectivity maps of every participant in both a healthy
control group and the first-episode psychosis cohort. The
mean and standard deviation were calculated on corre-
lational values at each of the 91 functional connections
from the healthy control sample and used to z-transform
the patient data. Then a principal-components anal-
ysis was conducted on the extracted functional correla-
tional values from the healthy volunteer sample and the
first principal component was calculated. Loadings onto
the first principal component across all 91 functional
connections were applied to connectivity values in the
first-episode cohort. For every patient, the sum of the
products of every correlational value and loading onto
the first principal component was calculated. This value
was called the SCI, representing the expression of the
first principal component of striatal connections of in-
terest from the healthy volunteer cohort. The association
between SCI and outcome was also replicated in an inde-
pendent generalizability cohort of patients with chronic
psychosis who were undergoing AP drug treatment. In
the present analyses, we used these loadings to generate
SCI values for our expanded sample.

Analyses

To investigate our hypothesis that CUD history would
attenuate the relationship between the previously estab-
lished prognostic value of SCI and treatment response,
we reexamined these data while accounting for a life-
time CUD history. A logistic regression was conducted
to examine whether baseline SCI, CUD history (dichot-
omous), and a SCI and CUD interaction were associ-
ated with treatment response, after adjusting for age and
sex. Our conclusion will be based on whether there is a

statistically significant interaction between SCI and CUD
that is associated with treatment response.

Independent-samples ¢-tests were conducted using
SPSS (version 24; IBM Corp.) to compare group
differences between patients with and without a lifetime
diagnosis of CUD in regards to baseline age, symptom
severity (as measured by the BPRS), duration of psy-
chosis, and SCI. Chi-square analyses were performed to
evaluate group differences in sex, frequency of treatment
response, and medication condition. An independent-
samples t-test was conducted to evaluate differences in
the SCI between patients with a lifetime history of CUD
who had comorbid substance use disorders vs those who
did not.

Results

Baseline Characteristics

Based on diagnostic interview, 20 patients met criteria for
a lifetime history of CUD (CUD+) and 28 patients had
no lifetime history of CUD (CUD-). There were no sig-
nificant differences between CUD+ and CUD— patients
on baseline age, symptom severity, duration of psychosis,
SCI, frequency of treatment response, or medication con-
dition. There was a significantly larger amount of males
in the CUD+ group relative to the CUD— group. A com-
parison of patients is displayed in table 1.

Of the 48 participants, 8 met criteria for at least one
other substance use disorder other than CUD. Specifically,
6 participants met criteria for history of an Alcohol Use
Disorder, 3 for history of a Stimulant Use Disorder (ie, co-
caine, amphetamines), and 1 participant for a Sedative,
Hypnotic or Anxiolytic Use Disorder. 2 participants met
criteria for more than one substance use disorder. There were
no significant differences (¢ = .77, P = .45) in mean SCI be-
tween CUD+ patients who also met criteria for another sub-
stance use disorder (Mean (M) = —.33, SD = 3.47), vs those
who only met criteria for CUD (M = .74, SD = 2.77).

Interaction Analysis

We found evidence for an interaction of SCI and CUD
(x* = 16.16, R* = .39, P = .005, figure 1) to suggest a

Table 1. A Comparison of Patients With (CUD+) and Without (CUD—) a Lifetime Diagnosis of CUD

CUD- (N =28) CUD+ (N =20) Statistics
Age (SD) 20.25 (5.49) 21.35(4.73) t=-.72 P=47
% Male (N) 53% (15) 95% (19) X2=9.70 =.002
Duration of untreated psychosis (SD) 79.93 (121.05) 135.28 (278.02) t=-.93 P=.36
Mean BPRS total score at baseline (SD) 43.75 (8.58) 42.85(7.17) t=.38 =.70
% of Responders (N) 64.3% (18) 55% (11) X?2= 42 =.52
% on risperidone (vs aripiprazole) 50% 45% X2 =12, =.73
Mean SCI at baseline (SD) —.05 (4.32) .31(3.02) t=-.33 P=.75

Note: BPRS, Brief Psychiatric Rating Scale; SCI, Striatal Connectivity Index.
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Fig. 1. This graph shows the interaction of the striatal
connectivity index (SCI) and cannabis use disorder in
distinguishing responders from nonresponders to treatment.
In patients without a history of cannabis use disorder (CUD)
(CUD- = 28), baseline SCI distinguished between responders
and nonresponders, results that are consistent with our prior
work.** In patients with a history of CUD (CUD+ = 20), the
SCI no longer separated responders from nonresponders. The
displayed values represent the mean SCI for each group. Error
bars represent 95% confidence intervals and individual values
are overlaid. Treatment response was defined based on stringent
clinical criterion described in the Methods section.

moderating effect of CUD history on the SCI’s ability
to distinguish responders from nonresponders to anti-
psychotic treatment. Specifically, for CUD— patients, the
baseline SCI was more negative in responders compared
to nonresponders, a relationship consistent with original
findings.’* For CUD+ patients, SCI no longer separated
responders from nonresponders.

When the sample was divided between CUD+and CUD—,
the SCI was more accurate at predicting treatment response
for CUD— patients. For CUD—, 75% sensitivity and 80%
specificity were observed; total accuracy was 78.57%. In con-
trast, for CUD+, 40% sensitivity and 53.33% sensitivity was
achieved; total accuracy was 50%. The difference in sensi-
tivity and specificity between groups was not tested for statis-
tical significance, given the modest sample size.

Discussion

This study found that a lifetime history of CUD
moderated the relationship between SCI and treatment
response such that it had little predictive value in SSD
patients with a CUD history. This is consistent with re-
search that cannabis use influences striatal circuitry, thus
impeding its prognostic utility in those patients with a
history of CUD. To our knowledge, this is the first study
that has investigated the impact of comorbid CUD on a
previously developed marker of clinical improvement in
patients with SSD.

The reduction of the relationship between the SCI
and treatment response as a function of cannabis use
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is particularly noteworthy, given recent evidence that
cannabis use may impede effective clinical response.
For example, an observational study of over 2000 first-
episode patients found that cannabis use was associ-
ated with a greater likelihood of hospital admission,
and that this relationship was mediated by the number
of different APs prescribed. The authors proposed that
a higher number of unique APs may be considered a
proxy measure of treatment nonresponse as it indicates
there was a clinical judgment of antipsychotic failure,
suggesting that cannabis use may be associated with
worse clinical prognosis because of its contribution to
failed AP treatment.>* Another study that examined the
genetic and clinical correlates of treatment-resistant
psychosis in 1070 individuals with SSD found an asso-
ciation between cannabis use and greater likelihood of
treatment resistance to AP drugs. Furthermore, a recent
study in mice found that exposure to THC reversed the
neurobehavioral effects of risperidone by reducing the
brain concentrations of risperidone and its active metab-
olite, 9-hydroxy risperidone. This reduction was mediated
by THC increasing an ABC transporter, P-glycoprotein,
which removes risperidone and its metabolite from brain
tissue. The findings suggest that THC increases the
amount of the compound responsible for metabolizing
antipsychotic medications, allowing it less time to be ef-
fective.*® Taken together, it suggests an intimate relation-
ship between cannabis, clinical outcomes, and predictors
of treatment response that warrants future investigation.

Despite this overlap, it is important to emphasize that
our results support conclusions about cannabis’ interfer-
ence with prognostic utility and do not provide evidence
for cannabis impacting the actual likelihood of response.
In this sample, there were no differences in response rate
between patients with and without a history of CUD.
This is inconsistent with research that cannabis users
have greater symptom exacerbation.'®! However, relative
to the large-scale studies that have demonstrated a det-
rimental impact of CUD on treatment, our sample was
greatly underpowered to detect effects of CUD on clin-
ical response. Additionally, our study only evaluated the
first 12 weeks of treatment, so it may be that differences in
treatment trajectory as a function of cannabis use occur
at a later point. Future research would also benefit from
the inclusion of a posttreatment scan in order to consider
the mechanism of response, or normalization of aberrant
functional connectivity patterns previously demonstrated
after AP treatment.”’

Our study also lacked information regarding patient’s
duration of CUD and time since remission, and research
suggests that neural structure and function may shift over
the course of the recovery process. While some studies
demonstrate long-lasting neural disruptions following
heavy cannabis use,*®* others suggest that neural recovery
can occur following sustained abstinence from cannabis.
For instance, hippocampal volume was demonstrated to
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be reduced in an MRI study of hippocampal integrity in
long-term cannabis users, but able to be restored for those
who discontinued use.®” Another study that examined ce-
rebral blood volume (CBV) over 28 days of abstinence
in chronic cannabis users found that CBV aberrancies
normalized with continued abstinence.® Thus, it may be
that even if the prognostic utility of striatal biomarkers is
compromised, the cannabis-induced neural changes that
might make one vulnerable to treatment resistance may
have resolved if they had discontinued use long enough
ago, thereby explaining the lack of impact on actual
response.

It is also possible that cannabis impacts neural circuitry
for some patients and not others based on other neurobi-
ological factors. For example, it has been theorized that
there may be subtypes of SSD based on dopaminergic
functioning: a hyperdopaminergic type, characterized by
elevated striatal dopamine synthesis and release capacity,
and a normodopaminergic type that does not show
these alterations.*® If this is the case, it could be that the
hyperdopaminergic type is more or less sensitive to the
dopamine-altering effects of cannabis.

Genetic differences may also contribute to differing
dopaminergic responses to cannabis. The dopamine
p-hydroxylase (DPH) enzyme transforms dopamine
into noradrenaline, and it is theorized that relative to
individuals with high activity DBH genotypes, those
with low activity DBH genotypes are more sensitive to
the cognitive and neural effect of cannabis on the limbic
reward network because it induces a hyperdopaminergic
state. A sample of 122 regular (nonpsychotic) drug users
received acute inductions of cannabis and placebo prior
to undergoing a resting-state fMRI to examine functional
connectivity between the nucleus accumbens and subcor-
tical regions. An interaction was observed between DBH
genotype and the influence of cannabis on functional
connectivity; specifically, for individuals with low-activity
DBH genotypes only, cannabis reduced functional con-
nectivity between the nucleus accumbens and limbic re-
gions, prefrontal cortex, striatum, and thalamus.®> Thus, it
may be that cannabis impacts corticostriatal connectivity
only for a certain genetic subset of patients. However,
limited research on the acute effects of cannabis has been
conducted in SSD samples, so conclusions on how these
findings may apply to SSD patients is unknown.

Our study is also limited by the categorical nature
of our definition of CUD. While a diagnosis of CUD
implies a clinically problematic use of cannabis, indi-
vidual patterns of cannabis use among patients (eg, fre-
quency/amount of cannabis consumption, duration of
CUD, time since last use) may vary significantly among
individuals who meet criteria for CUD. Our study lacked
information on these variables. It is critical that future
research includes this information, as well as a contin-
uous measure of cannabis use to better capture the re-
lationship between cannabis and striatal connectivity.
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It will also be important to collect information on can-
nabis use prior to and over the course of antipsychotic
treatment to better understand how both past and on-
going cannabis use influences the neural connectivity
integral to clinical response. Furthermore, while we
were able to consider the potential impact of additional
substance use disorders such as alcohol and stimulant
use disorders, and did not find meaningful differences
in the SCI based on comorbid disorders, we did not
have data available on the prevalence of tobacco use in
our patients. Tobacco use is highly prevalent in patients
with SSD and can also impact the striatal network.%%
Thus, our study is limited in its ability to exclude the
potential effects of tobacco on SCI’s predictive utility.
Additionally, there was a significant difference in sex
the CUD+ and CUD- groups, in that patients with a
history of CUD were predominantly male (19 out of 20
patients). While this is not surprising given prior data
from epidemiological studies that demonstrate a higher
use of CUD among men,® it is possible that findings
may have been influenced by this imbalance. Future
studies should attempt to have a more equal distribu-
tion of male and female cannabis users to ensure neural
differences are not solely a function of sex.

Despite limitations, this study is the first to use fMRI
to investigate the extent to which cannabis impacts
the utility of a previously established biomarker. Our
conclusions are strengthened by longitudinal study de-
sign, and the use of a first-episode sample that all had
less than 2 weeks lifetime exposure to AP, which reduces
confounds such as long medication exposure and dura-
tion of psychosis.

In sum, our findings highlight that biomarker devel-
opment can be critically impacted by patient behaviors
that influence neurobiology, such as substance use. These
results are an example of how biomarker utility can be
diminished by patient behaviors that are independent of
psychiatric diagnosis and underscore the importance of
accounting for such characteristics in developing prog-
nostic indices that generalize to heterogeneous patient
populations. As the development of biomarkers to pre-
dict treatment response becomes an increasingly impor-
tant priority, it is critical for investigators to consider the
influence of cannabis on neural circuitry, thereby ensuring
that biomarkers are indeed generalizable to the ~35% of
SSD patients that use cannabis during AP treatment.%¢7
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