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ABSTRACT. Objective: Co-use of cannabis and nicotine and tobacco
products (NTPs) in adolescence/young adulthood is common and associ-
ated with worse outcomes than the use of either substance in isolation.
Despite this, little is known about the unique contributions of co-use
to neurostructural microstructure during this neurodevelopmentally
important period. This study sought to investigate the interactive effects
of nicotine and cannabis co-use on white matter fiber tract microstruc-
ture in emerging adulthood. Method: A total of 111 late adolescent
(16–22 years old) nicotine (NTP; n = 55, all past-year cannabis users)
and non–nicotine users (non-NTP; n = 56, 61% reporting cannabis use
in the past year) completed demographic and clinical interviews and a
neuroimaging session comprising anatomical and diffusion-weighted
imaging scans. Group connectometry analysis identified white matter

tracts significantly associated with the interaction between nicotine
group and past-year cannabis use according to generalized fractional
anisotropy (GFA). Results: Nicotine Group × Cannabis Use interac-
tions were observed in the right and left cingulum and left fornix tracts
(false discovery rate = 0.053), where greater cannabis use was associated
with increased GFA in the cingulum and left fornix, but only when co-
used with nicotine. Conclusions: This report represents the first group
connectometry analysis in late adolescent/young adult cannabis and/or
NTP users. Results suggest that co-use of cannabis and NTPs results in
a structurally distinct white matter phenotype as compared with cannabis
use only, although to what extent this may change over time with more
chronic nicotine and cannabis use remains to be examined in future
work. (J. Stud. Alcohol Drugs, 83, 287–295, 2022)
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NICOTINE AND TOBACCO-PRODUCT (NTP) con-
sumption is one of the leading causes of preventable

disease and death (Warren et al., 2014), and a multitude
of new nicotine delivery devices such as e-cigarettes and
e-hookahs have gained popularity among adolescent popu-
lations and have substantially increased in prevalence in
recent years (Johnston et al., 2020). Of note, consumption
of e-cigarettes before age 18 is associated with a threefold
increased likelihood of being a regular user of combustible
cigarettes by young adulthood (Pierce et al., 2021), which in-
creases the risk for nicotine dependence across the life span
and for concurrent and problematic use of other substances
such as cannabis (Hindocha & McClure, 2021; Hindocha et
al., 2021). Cannabis use disorder is more common among
tobacco users, and co-use of cannabis and nicotine is associ-
ated with poorer mental and physiological health outcomes
as opposed to single substance use (Goodwin et al., 2018;
Hindocha et al., 2021; Meier & Hatsukami, 2016). Although
co-administration of nicotine and cannabis exacerbates nega-

tive health outcomes, co-use remains highly common (and
often underreported) compared with the use of either nico-
tine or cannabis exclusively during adolescence and young
adulthood (Cohn et al., 2019; Hindocha & McClure, 2021;
Schauer & Peters, 2018). Between 18% and 52% of tobacco
users are estimated to also use cannabis (Agrawal et al.,
2012; Nicksic et al., 2020; Tucker et al., 2019), and vaping
of both of these products has doubled or tripled from 2017
to 2018 for some high school grades (Johnston et al., 2020)
and college students (Schulenberg et al., 2019). Despite this,
the unique contributions of co-use on neurostructural micro-
structure have not been thoroughly investigated during peak
developmental use periods (e.g., ages 16–22).

Protracted white matter tissue development from child-
hood to age 25 is important for efficient communication
across the brain, supporting functional specialization and
cognition (Baum et al., 2020); subtle alterations in this
normative neurobiological process may result in enhanced
vulnerability to psychopathology, including excessive drug-
taking behaviors (Achterberg et al., 2016; Jacobus et al.,
2013c; Paus et al., 2008; Squeglia & Gray, 2016). Diffusion-
weighted imaging studies have largely evaluated users of
cannabis and nicotine independently as single substance us-
ers. These studies demonstrate structural brain alterations in
white matter microstructure compared with non-users, with
youth cannabis users demonstrating vulnerability to lower
fractional anisotropy (FA), a measure of anisotropic diffusion
indicating poorer white matter health (Becker et al., 2015;
Gruber et al., 2014; Jacobus et al., 2013a, 2013b; Orr et al.,
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2016). In contrast, regular nicotine use in adolescent and
adult samples appears to be associated with an increase in
FA (Hudkins et al., 2012; Jacobsen et al., 2007; van Ewijk et
al., 2015; Yu et al., 2016), although not exclusively (Kangiser
et al., 2020). However, it is likely that with a greater severity
of nicotine use over the lifetime, decrements in white matter
health would emerge as reduced FA (Hudkins et al., 2012).

Given the seemingly opposing effects of cannabis and
nicotine on white matter microstructure in younger popula-
tions, it is conceivable that NTP use may compensate for
acute cannabis-related neural (Courtney et al., 2020) and
cognitive impairments (Schuster et al., 2016; Viveros et al.,
2006) in co-users during the initial years of substance use.
Unique alterations in neural tissue microenvironments and
metabolic integrity may result from the synergistic effects of
recurrent co-stimulation of the endocannabinoid and nicotinic
cholinergic systems that are still being shaped and refined dur-
ing adolescence (Scherma et al., 2016; Somerville & Casey,
2010; Stiles & Jernigan, 2010; Wiers et al., 2016). A recent
investigation by our team explored cerebral blood flow (CBF)
values in white matter tissue among co-users of nicotine and
cannabis (Courtney et al., 2020). We found that among ado-
lescent/young adults who did not use nicotine, there was a
positive relationship between CBF and cumulative cannabis
use. More reported cannabis use was linked to greater blood
flow in white matter tissue, yet the use of nicotine seemed to
diminish this relationship. Of note, greater white matter CBF
in the cannabis users without a history of nicotine use was
linked to poor white matter microstructure (reduced FA) in the
right superior longitudinal fasciculus/inferior fronto-occipital
fasciculus/forceps major cluster. Thus, there may be greater
metabolic demand in less healthy tissue compartments among
cannabis-only users that is diminished among co-users.

The current study builds on our prior work by using a
connectometry analysis of whole-brain white matter tracts to
determine if the relationship between cannabis use and fiber
tract microstructure is dependent on nicotine use among a
sample of adolescents/young adults. Given our prior results
in CBF markers of white matter health, it is hypothesized
that the effect of cannabis use on generalized fractional an-
isotropy (GFA) estimates of white matter will be moderated
by nicotine use in this sample. The combined, interactive
effects of cannabis and nicotine co-use on neural health
outcomes warrants greater consideration given the high
frequency of co-use during this critical neurodevelopmental
period, which may translate to differing early life health
outcomes as compared with single substance use.

Method

Participants and procedures

Data for this report were taken from an ongoing project
investigating the structural and functional neural effects of

nicotine and cannabis co-use in adolescence/young adult-
hood. As previously reported (Courtney et al., 2020), par-
ticipants (N = 112; ages 16–22) were recruited from San
Diego County via electronic and physical flyers posted on
social media sites and at high schools, 4-year universities,
and community colleges. Inclusion criteria for the ongoing
study include regular use of cannabis and/or nicotine in the
past 6 months. For the purposes of this investigation, partici-
pants were grouped into NTP and non-NTP users, with NTP
users reporting an average of 2 or more NTP use episodes
per month and non-NTP users reporting less than 2 NTP use
episodes per month during the previous year. A cutoff of 2
or more NTP use episodes per month was chosen because
it ensures that all NTP group participants were engaging in
at least monthly use, which is a metric commonly used by
public health agencies (e.g., Centers for Disease Control and
Prevention) and epidemiological studies (e.g., Monitoring
the Future) to identify “current” nicotine users. NTP use
was defined as the use of any of the following: electronic
cigarettes (e.g., vape pens, Juul, e-hookah), tobacco ciga-
rette, tobacco pipe, cigars (including blunts, spliffs), hookah
with tobacco, smokeless tobacco, chew, snuff, snus, and/or
nicotine replacement (e.g., patches, nasal sprays, inhalers,
gum, lozenges). Participants were not selected for inclusion
based on previous cannabis use. Participants were excluded
from the study if they reported any lifetime illicit substance
use more than 10 times, a current or past psychiatric disorder
(other than tobacco and/or cannabis use disorder) based on
criteria from the Diagnostic and Statistical Manual of Men-
tal Disorders, Fifth Edition (DSM-5; American Psychiatric
Association, 2013), acute influence of cannabis or alcohol
use at testing (confirmed with urine, breath alcohol analy-
sis, and oral fluid toxicology), use of medications affecting
the brain, major psychiatric or medical issues, or history of
prenatal substance exposure or developmental disability.

Participants underwent a single laboratory visit (approxi-
mately 4 hours) after providing written informed consent
in accordance with the University of California, San Diego
(UCSD), Human Research Protections Program. During
this visit, participants completed a thorough demographic,
psychological, and substance use interview, neurocognitive
assessment, and magnetic resonance imaging (MRI) scan
session. All participants were instructed to refrain from can-
nabis use for 12 hours and alcohol use for 24 hours before
the appointment. Oral fluid, urine, and breath alcohol analy-
sis (for alcohol) substantiated self-reported use and verified
abstinence. The Dräger DrugTest 5000 (Dräger, Lübeck,
Germany; Desrosiers et al., 2012) was used to examine D9-
tetrahydrocannabinol (THC) using onsite detection of recent
cannabis use (≥5 µg/l THC) in oral fluid samples. Urine
samples were sent to Redwood Toxicology to quantify the
THC metabolite 11-nor-9-carboxy-THC (THCCOOH) nor-
malized to creatinine and the nicotine metabolite cotinine for
all substance users and to confirm the absence of illicit sub-
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stances. NTP use was not restricted before testing to avoid
withdrawal effects during data acquisition. No participants
screened positive for any illicit substances.

Measures

As described in Courtney et al. (2020), a demographic
and psychosocial interview was conducted to assess back-
ground information on socioeconomic status, education,
race/ethnicity, and medical history. A modified version of
the Customary Drinking and Drug Use Record structured
interview (Brown et al., 1998; Jacobus et al., 2018; Karoly et
al., 2019a, 2019b) was used to assess detailed substance use
and substance-related problem history. For the purposes of
this report, current nicotine use was defined as the use of an
NTP two or more times per month during the previous year.
The 21-item version of the Depression, Anxiety and Stress
Scale (DASS-21) was administered to assess depression,
anxiety, and stress symptomology (Lovibond & Lovibond,
1995).

Neuroimaging acquisition and processing

Imaging studies were conducted at the UCSD Center
for Functional MRI on a 3.0 Tesla GE Discovery MR750
scanner with a Nova Medical 32-channel phased array head
coil. Participants were instructed to remain still and awake
for the duration of the scan session. A high-resolution T1-
weighted anatomical fast spoiled gradient echo scan was
acquired with TI/TE/TR = 1060/2/2500 ms, flip angle = 8˚,
field of view (FOV) = 256 mm, 256 × 256 matrix, 1.0 mm3

voxels. Diffusion data were collected with a multi-shell
96-direction single-shot spin echo diffusion sequence with
4 b-values (500, 1000, 2000, and 3000 sec/mm2) and 6, 15,
15, and 60 unique diffusion directions, respectively, for each
b-value (TE/TR = 81.9/4100 ms, 81 axial slices, FOV = 240
mm, matrix = 140 × 140, 1.7 mm3 voxels). Acquisition pa-
rameters were modeled after those used in the ABCD Study
(Hagler et al., 2019). As described in Courtney et al. (2020),
data were collected with reversed phase-encode blips (A>P,
P>A), which resulted in image pairs with distortions going
in opposite directions. Using the TOPUP tool in FSL (Smith
et al., 2004), the susceptibility-induced off-resonance field
was estimated from these pairs (Andersson et al., 2003). The
two images were combined to form a single image corrected
for susceptibility-induced distortions (Graham et al., 2017).
FSL’s Diffusion Toolbox (FDT) was used to conduct linear
registration to standard space (FLIRT) and to correct for
eddy current distortion (EDDY; Andersson & Sotiropoulos,
2016).

Diffusion data were further processed within DSI Studio
(http://dsi-studio.labsolver.org; Yeh, 2021). Similar to meth-
ods previously used by the authors (Sorg et al., 2021), data
were reconstructed in the Montreal Neurological Institute

space using q-space diffeomorphic reconstruction (Yeh &
Tseng, 2011) to obtain the spin distribution function (Yeh
et al., 2010). A diffusion sampling length ratio of 1.25 was
used, and the output resolution used in analyses was 2 mm3.
Participant registrations were inspected for quality and
goodness-of-fit using the R2 statistic between the warped
individual subject diffusion image data set and the template
image (Yeh et al., 2013a).

Given that traditional FA provides poor anisotropy esti-
mates in regions with crossing fibers (De Santis et al., 2014;
Nilsson et al., 2012; Oouchi et al., 2007), GFA was comput-
ed as the primary index of white matter microstructure, as it
can measure anisotropy across multiple diffusion directions
(Tuch, 2004). Consistent with traditional studies of FA, lower
GFA values are associated with undirected, isotropic diffu-
sion, whereas higher GFA values signify more unidirectional
diffusion, suggestive of healthier white matter.

Statistical analysis

Group differences in demographic variables were inves-
tigated with independent chi-square or t tests with a p < .05
statistical significance threshold. Diffusion MRI connectom-
etry (Yeh et al., 2016) was conducted within DSI Studio,
which essentially provides “correlational tractography” to
map the exact segment of pathways correlated with a given
variable. The interaction of nicotine group (coded 0 = Non-
NTP, 1 = NTP) and cannabis use episodes (total past year)
on GFA tractography values was estimated through examina-
tion of the fiber pathways that correlate with this interaction
term (i.e., correlational tractography), controlling for age
and sex (main effects of nicotine group and cannabis also
included) (Yeh, 2021; Yeh et al., 2016). Given the significant
nicotine group differences in past-year cannabis use episodes
and the associated collinearity between the nicotine group
and cannabis use variables, the cannabis use variable was
mean centered within group and these centered values were
used to calculate the interaction term (Chen et al., 2014). An
outlier with cannabis use episodes >4,000 in the past year
was excluded (n = 1). A total of 111 subjects were included
in the analysis (non-NTP = 56, NTP = 55). Given the rela-
tively high presence of zeros in the cannabis use variable and
to enable consideration of the nonlinear relationship between
the interaction term and the GFA outcome, the nonpara-
metric covariate-adjusted Spearman rank-order correlation
option was selected in DSI Studio to derive the correlation
for the whole brain tractography analyses (Yeh, 2021; Yeh et
al., 2016). A T-score threshold of 2 was selected and tracked
using a deterministic fiber tracking algorithm (Yeh et al.,
2013b) to obtain the correlational tractography. Topology-
informed pruning (Yeh et al., 2019) with four iterations was
used to filter the tracts. A length threshold of 40 voxel dis-
tance was used to select tracts. A total of 4,000 randomized
permutations were applied to obtain the null distribution of
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the tract length to enable estimation of the false discovery
rate (FDR). Mean GFA data across the resultant tract set, as
well as split by hemisphere, were extracted for each partici-
pant and imported into SPSS Statistics for Windows, Version
26.0 (IBM Corp., Armonk, NY) for follow-up analyses.
Spearman rank-order correlations were also conducted for
all follow-up analyses.

Results

Participants

Demographic information is presented in Table 1. The
sample consisted of approximately 60% males (n = 67), and
49% of the sample self-identified as White (n = 55), with
both sex and race roughly balanced across groups. The NTP
group included individuals reporting a range of low (at least
twice monthly) to heavy (>38 per day) NTP use episodes
over the previous year (range: 25–14,199 episodes). All NTP
participants reported past-year cannabis use, as did 61%
of non-NTP participants. When modeled as a continuous
variable, past-year NTP use episodes was found to signifi-
cantly and positively correlate with past-year cannabis use
episodes in the full sample (r = .591, p < .001). The NTP
group reported an average of 1.17 and 1.52 more points
on the DASS anxiety and stress subscales, respectively, as
compared with the non-NTP group (p < .05); however, the
NTP group means still fell within the normal ranges per the
cutoff scores provided by the scale authors (Lovibond & Lo-
vibond, 1995). As expected, the groups differed significantly
on nicotine recency and past-year use of nicotine, as well
as past-year use of cannabis (NTP > non-NTP). The groups

also differed on drinking days per month (NTP > non-NTP),
yet group differences in the number of drinks per drinking
day did not meet statistical significance (Table 1).

Connectometry findings

An interaction between nicotine group and cannabis use
was found to correlate with GFA from the right and left
cingulum tracts (and left fornix to a lesser extent; FDR =
0.053), whereby the NTP group exhibited greater positive
cannabis and GFA correlations than the non-NTP group in
these tracts. No significant negative correlations were ob-
served (Figure 1).

Correlations performed on the extracted GFA within
nicotine groups separately revealed a significant positive cor-
relation between cannabis use and mean GFA in the bilateral,
r(53) = .293, p = .030; right, r(53) = .283, p = .036; and left,
r(53) = .318, p = .018, cingulum for the NTP group, yet the
correlations did not reach statistical significance for the non-
NTP group, overall: r(54) = -.035, p = .796; right: r(54) =
-.014, p = .917; left: r(54) = -.152, p = .263; see Figure 2 for
a visualization of the relationships.

Exploratory analyses

Correlation analyses between extracted cingulum mean
GFA estimates and DASS-21 subscale scores revealed no
significant relationships across, r(109): -.077 to .096, p >
.318, or within nicotine groups, non-NTP r(54): -.131 to
-.006, p > .334; NTP r(53): -.069 to .174, p > .204. Correla-
tion analyses between extracted cingulum mean GFA esti-
mates and alcohol drinks per drinking day and days drinking

TABLE 1. Sample demographics

Group
M (SD) or %

Non-nicotine Nicotine
Variable (n = 56) (n = 55) p

Age 18.95 (1.69) 19.29 (1.40) .24
% Male 55.4% 65.5% .28
% White 53.6% 45.5% .29
Education years completed 12.64 (1.53) 12.80 (1.40) .57
DASS-21 Depression Standard Score 3.18 (3.75) 3.95 (4.30) .32
DASS-21 Anxiety Standard Score 2.66 (2.62) 3.84 (3.12) .03
DASS-21 Stress Standard Score 3.43 (3.52) 4.95 (3.68) .03
Days since last nicotine use 96.84 (255.50) 6.22 (10.71) .01

(n = 32)
Nicotine use episodes previous year 5.02 (6.72) 1,485.02 (2,822.39) <.001
Days since last cannabis use 14.15 (24.96) 33.77 (92.73) .23
Cannabis use episodes previous year 86.66 (124.27) 301.00 (363.19) <.001

(n = 34)
% Positive for THCCOOH 39.3% 67.3% .002
Days since last alcohol use 40.67 (199.16) 13.49 (32.12) .11

(n = 43)
Alcohol drinks per drinking day previous year 3.63 (5.14) 4.91 (3.89) .14
Alcohol drinking days per month previous year 1.85 (2.64) 5.47 (5.66) <.001

Notes: DASS-21 = 21-item version of the Depression, Anxiety and Stress Scale; THC = D9-tetrahydrocannabinol;
THCCOOH = THC metabolite 11-nor-9-carboxy-THC.
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FIGURE 1. Results of connectometry analysis depicting fiber pathways where the nicotine and tobacco product (NTP) group exhibited stronger positive
correlations between generalized fractional anisotropy (GFA) and past-year cannabis use, compared with the non-NTP group, controlling for age and sex.
Tracts include the right and left cingulum and left fornix. Results are corrected for multiple comparisons via permutation testing (4,000 iterations), with a
false discovery rate = 0.053.

also revealed no significant relationships across groups,
r(109): .121 to .166, p > .082, or within nicotine groups,
non-NTP r(54): .049 to .087, p > .524; NTP r(53): -.036 to
.217, p > .111. An additional diffusion MRI connectometry
analysis controlling for drinking days revealed results con-
sistent with the primary findings (i.e., an interaction between
nicotine group and cannabis use positively correlating with
GFA from bilateral cingulum was still present).

Discussion

This report sought to identify differences in white matter
microstructure related to cannabis and NTP co-use versus
cannabis only use in a sample of adolescents/young adults.
Results suggest the presence of an interaction between sub-
stances on white matter microstructure, where greater can-
nabis use is associated with increased GFA in the cingulum
and left fornix, but only when co-used with nicotine. This is
consistent with previous findings from our group (Courtney
et al., 2020), which also note a seemingly compensatory
effect of nicotine on cannabis-related alterations to white
matter CBF in late adolescents.

Cannabis use in adults has been associated with reduc-
tions in microstructural integrity and volume in a number
of brain regions, particularly those rich in cannabinoid CB1
receptors (e.g., insula and orbitofrontal cortex, Battistella et
al., 2014; medial temporal cortex, Matochik et al., 2005; and
hippocampus and amygdala, Lorenzetti et al., 2015; Schacht
et al., 2012). Consistent with the current findings, cannabis
use is also associated with altered volume of the cingu-
late cortex in adults (Hill et al., 2016; Rapp et al., 2013),
impaired axonal connectivity within the fornix in adults
(Zalesky et al., 2012), as well as integrity of the cingulum in
adults and adolescents (Becker et al., 2015; Jakabek et al.,
2016; Wade et al., 2020). Reduced integrity of the cingulum

(particularly the angular bundle; Ezzati et al., 2016) and
fornix (Benear et al., 2020) have been previously linked with
poorer memory function in adults, and thus may represent
structural mechanisms underlying the observed memory
impairments associated with chronic cannabis use (Broyd et
al., 2016; Solowij & Battisti, 2008).

Although cannabis use has been largely associated with
decreases in FA in adolescent samples (Becker et al., 2015;
Gruber et al., 2014; Jacobus et al., 2013a, 2013b; Orr et al.,
2016), nicotine use is often associated with increases in FA
in youth (Hudkins et al., 2012; Jacobsen et al., 2007; van
Ewijk et al., 2015; Yu et al., 2016). It is possible nicotine
stimulation of acetylcholine receptors (nAChRs) promotes
certain neurodevelopmental processes during emerging
adulthood such as glial activity (Garrido et al., 2003; Liu et
al., 2005), which support white matter maturation (Dwyer
et al., 2009). These altered processes may then interact with
cannabis-induced changes to result in a structurally distinct
phenotype for co-users versus cannabis-only users. Alter-
natively, it is also possible that adolescents with preexist-
ing increased FA may be more likely to engage in greater
nicotine and cannabis co-use for reasons currently unknown.
Longitudinal studies are greatly needed to uncover the tem-
porality and causality of these relationships.

This study has many strengths, including the use of a
well-characterized sample of late adolescent/young adult
cannabis and NTP users despite inherent difficulties related
to the measurement of nicotine and cannabis use in this
population. The inclusion of users of various NTPs, as op-
posed to limiting the inclusion to tobacco cigarette use only,
also allows for greater generalizability of these findings to
the majority of adolescent/young adult nicotine users (Hin-
docha & McClure, 2021). Furthermore, this study represents
the first group connectometry analysis in cannabis and NTP
co-users. This approach allows for the characterization of
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FIGURE 2. Scatter plot depicting the association between mean extracted generalized fractional anisotropy (GFA) from
the cingulum tract identified in the connectometry analysis against past-year cannabis use episodes for each nicotine
group. NTP = nicotine and tobacco product.

variability within white matter tracts in the context of local
connectomes, thus providing a more focal analysis of struc-
tural differences within connected pathways that are related
to the study variable of interest (i.e., cannabis use; Yeh et al.,
2016).

The present study is also not without limitations. The
nicotine groups were found to differ on measures of anxi-
ety and stress, as well as frequency of alcohol use, despite
attempts to match the groups on demographic and other
substance use variables. Follow-up analyses revealed little
support for the involvement of these additional factors on the
main outcome; yet the possibility of their subthreshold influ-
ence remains. Although explicitly modeled in the analyses,
differences in cannabis use between the groups were also
large, which could have implications for the results that were
not delineated here. Thus, additional investigations including
“pure” cannabis use, “pure” NTP use, and non-using “con-
trol” groups are needed to fully appreciate the individual and
combined contributions of cannabis and NTP use on white
matter health. Further, the NTP group included a range from
relatively infrequent (approximately two times per month) to
frequent (>30 per day) NTP use episodes over the previous
year; however, the majority of the sample reported non-daily

use (median use = 16 use episodes per month). This limits
the generalization of the results to heavier NTP users; yet
this use pattern is more reflective of typical NTP use in
the adolescent/young adult population, and the observance
of effects while including individuals with lower NTP use
frequencies suggests heavy nicotine use may not be neces-
sary to impact estimates of white matter health. Last, causal
inferences relating cannabis and nicotine co-use to future
brain health could not be evaluated given the cross-sectional
nature of the data.

This study represents the first report of whole-brain white
matter microstructure in late adolescent/young adult co-
users of nicotine and cannabis. The results support emerg-
ing evidence that co-use of these substances is associated
with differential white matter profiles versus cannabis use
in isolation (Courtney et al., 2020), which may translate to
differing behavioral and psychological consequences for co-
using adolescents/young adults. As data collection is ongo-
ing, further investigation on associated neuropsychological
and functional outcomes is planned for the larger study. In
addition, longitudinal studies that map the impact of these
substances on white matter development trajectories during
this neurologically vulnerable period will help elucidate ca-
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sual mechanisms by which the use of these substances, alone
or in combination, relate to various health and psychological
outcomes.

References

Achterberg, M., Peper, J. S., van Duijvenvoorde, A. C. K., Mandl, R. C. W.,
& Crone, E. A. (2016). Frontostriatal white matter integrity predicts
development of delay of gratification: A longitudinal study. Journal of
Neuroscience, 36, 1954–1961. doi:10.1523/JNEUROSCI.3459-15.2016

Agrawal, A., Budney, A. J., & Lynskey, M. T. (2012). The co-occurring
use and misuse of cannabis and tobacco: A review. Addiction, 107,
1221–1233. doi:10.1111/j.1360-0443.2012.03837.x

American Psychiatric Association. (2013). Diagnostic and statistical manual
of mental disorders (5th ed.). Arlington, VA: Author.

Andersson, J. L., Skare, S., & Ashburner, J. (2003). How to correct sus-
ceptibility distortions in spin-echo echo-planar images: Application
to diffusion tensor imaging. NeuroImage, 20, 870–888. doi:10.1016/
S1053-8119(03)00336-7

Andersson, J. L. R., & Sotiropoulos, S. N. (2016). An integrated ap-
proach to correction for off-resonance effects and subject movement
in diffusion MR imaging. NeuroImage, 125, 1063–1078. doi:10.1016/j.
neuroimage.2015.10.019

Battistella, G., Fornari, E., Annoni, J.-M., Chtioui, H., Dao, K., Fabritius,
M., . . . Giroud, C. (2014). Long-term effects of cannabis on brain
structure. Neuropsychopharmacology, 39, 2041–2048. doi:10.1038/
npp.2014.67

Baum, G. L., Cui, Z., Roalf, D. R., Ciric, R., Betzel, R. F., Larsen, B., . . .
Satterthwaite, T. D. (2020). Development of structure–function coupling
in human brain networks during youth. Proceedings of the National
Academy of Sciences of the United States of America, 117, 771–778.
doi:10.1073/pnas.1912034117

Becker, M. P., Collins, P. F., Lim, K. O., Muetzel, R. L., & Luciana, M.
(2015). Longitudinal changes in white matter microstructure after
heavy cannabis use. Developmental Cognitive Neuroscience, 16, 23–35.
doi:10.1016/j.dcn.2015.10.004

Benear, S. L., Ngo, C. T., & Olson, I. R. (2020). Dissecting the fornix in
basic memory processes and neuropsychiatric disease: A review. Brain
Connectivity, 10, 331–354. doi:10.1089/brain.2020.0749

Brown, S. A., Myers, M. G., Lippke, L., Tapert, S. F., Stewart, D. G., & Vik,
P. W. (1998). Psychometric evaluation of the Customary Drinking and
Drug Use Record (CDDR): A measure of adolescent alcohol and drug
involvement. Journal of Studies on Alcohol, 59, 427–438. doi:10.15288/
jsa.1998.59.427

Broyd, S. J., van Hell, H. H., Beale, C., Yücel, M., & Solowij, N. (2016).
Acute and chronic effects of cannabinoids on human cognition–A
systematic review. Biological Psychiatry, 79, 557–567. doi:10.1016/j.
biopsych.2015.12.002

Chen, G., Adleman, N. E., Saad, Z. S., Leibenluft, E., & Cox, R. W. (2014).
Applications of multivariate modeling to neuroimaging group analysis:
A comprehensive alternative to univariate general linear model. Neuro-
Image, 99, 571–588. doi:10.1016/j.neuroimage.2014.06.027

Cohn, A. M., Abudayyeh, H., Perreras, L., & Peters, E. N. (2019). Patterns
and correlates of the co-use of marijuana with any tobacco and individ-
ual tobacco products in young adults from Wave 2 of the PATH Study.
Addictive Behaviors, 92, 122–127. doi:10.1016/j.addbeh.2018.12.025

Courtney, K. E., Baca, R., Doran, N., Jacobson, A., Liu, T. T., & Jaco-
bus, J. (2020). The effects of nicotine and cannabis co-use during
adolescence and young adulthood on white matter cerebral blood
flow estimates. Psychopharmacology, 237, 3615–3624. doi:10.1007/
s00213-020-05640-7

De Santis, S., Drakesmith, M., Bells, S., Assaf, Y., & Jones, D. K. (2014).
Why diffusion tensor MRI does well only some of the time: Vari-

ance and covariance of white matter tissue microstructure attributes
in the living human brain. NeuroImage, 89, 35–44. doi:10.1016/j.
neuroimage.2013.12.003

Desrosiers, N. A., Lee, D., Schwope, D. M., Milman, G., Barnes, A. J.,
Gorelick, D. A., & Huestis, M. A. (2012). On-site test for cannabi-
noids in oral fluid. Clinical Chemistry, 58, 1418–1425. doi:10.1373/
clinchem.2012.189001

Dwyer, J. B., McQuown, S. C., & Leslie, F. M. (2009). The dynamic effects
of nicotine on the developing brain. Pharmacology & Therapeutics, 122,
125–139. doi:10.1016/j.pharmthera.2009.02.003

Ezzati, A., Katz, M. J., Lipton, M. L., Zimmerman, M. E., & Lipton, R. B.
(2016). Hippocampal volume and cingulum bundle fractional anisotropy
are independently associated with verbal memory in older adults. Brain
Imaging and Behavior, 10, 652–659. doi:10.1007/s11682-015-9452-y

Garrido, R., King-Pospisil, K., Son, K. W., Hennig, B., & Toborek, M.
(2003). Nicotine upregulates nerve growth factor expression and pre-
vents apoptosis of cultured spinal cord neurons. Neuroscience Research,
47, 349–355. doi:10.1016/S0168-0102(03)00222-0

Goodwin, R. D., Pacek, L. R., Copeland, J., Moeller, S. J., Dierker, L.,
Weinberger, A., . . . Hasin, D. S. (2018). Trends in daily cannabis use
among cigarette smokers: United States, 2002–2014. American Journal
of Public Health, 108, 137–142. doi:10.2105/AJPH.2017.304050

Graham, M. S., Drobnjak, I., Jenkinson, M., & Zhang, H. (2017). Quanti-
tative assessment of the susceptibility artefact and its interaction with
motion in diffusion MRI. PLoS One, 12, e0185647. doi:10.1371/journal.
pone.0185647

Gruber, S. A., Dahlgren, M. K., Sagar, K. A., Gönenç, A., & Lukas, S. E.
(2014). Worth the wait: Effects of age of onset of marijuana use on
white matter and impulsivity. Psychopharmacology, 231, 1455–1465.
doi:10.1007/s00213-013-3326-z

Hagler, D. J., Jr., Hatton, S., Cornejo, M. D., Makowski, C., Fair, D. A.,
Dick, A. S., . . . Dale, A. M. (2019). Image processing and analysis
methods for the Adolescent Brain Cognitive Development Study. Neu-
roImage, 202, 116091. doi:10.1016/j.neuroimage.2019.116091

Hill, S. Y., Sharma, V., & Jones, B. L. (2016). Lifetime use of cannabis from
longitudinal assessments, cannabinoid receptor (CNR1) variation, and
reduced volume of the right anterior cingulate. Psychiatry Research:
Neuroimaging, 255, 24–34. doi:10.1016/j.pscychresns.2016.05.009

Hindocha, C., Brose, L. S., Walsh, H., & Cheeseman, H. (2021). Cannabis
use and co-use in tobacco smokers and non-smokers: Prevalence and as-
sociations with mental health in a cross-sectional, nationally representa-
tive sample of adults in Great Britain, 2020. Addiction, 116, 2209–2219.
doi:10.1111/add.15381

Hindocha, C., & McClure, E. A. (2021). Unknown population-level harms
of cannabis and tobacco co-use: If you don’t measure it, you can’t man-
age it. Addiction, 116, 1622–1630. doi:10.1111/add.15290

Hudkins, M., O’Neill, J., Tobias, M. C., Bartzokis, G., & London, E. D.
(2012). Cigarette smoking and white matter microstructure. Psychophar-
macology, 221, 285–295. doi:10.1007/s00213-011-2621-9

Jacobsen, L. K., Picciotto, M. R., Heath, C. J., Frost, S. J., Tsou, K. A.,
Dwan, R. A., . . . Menci, W. E. (2007). Prenatal and adolescent exposure
to tobacco smoke modulates the development of white matter micro-
structure. Journal of Neuroscience, 27, 13491–13498. doi:10.1523/
JNEUROSCI.2402-07.2007

Jacobus, J., Squeglia, L. M., Bava, S., & Tapert, S. F. (2013a). White matter
characterization of adolescent binge drinking with and without co-
occurring marijuana use: A 3-year investigation. Psychiatry Research,
214, 374–381. doi:10.1016/j.pscychresns.2013.07.014

Jacobus, J., Squeglia, L. M., Infante, M. A., Bava, S., & Tapert, S. F.
(2013b). White matter integrity pre- and post marijuana and alcohol
initiation in adolescence. Brain Sciences, 3, 396–414. doi:10.3390/
brainsci3010396

Jacobus, J., Taylor, C. T., Gray, K. M., Meredith, L. R., Porter, A. M., Li, I.,
. . . Squeglia, L. M. (2018). A multi-site proof-of-concept investigation



294 JOURNAL OF STUDIES ON ALCOHOL AND DRUGS / MARCH 2022

of computerized approach-avoidance training in adolescent cannabis
users. Drug and Alcohol Dependence, 187, 195–204. doi:10.1016/j.
drugalcdep.2018.03.007

Jacobus, J., Thayer, R. E., Trim, R. S., Bava, S., Frank, L. R., & Tapert, S.
F. (2013c). White matter integrity, substance use, and risk taking in ado-
lescence. Psychology of Addictive Behaviors, 27, 431–442. doi:10.1037/
a0028235

Jakabek, D., Yücel, M., Lorenzetti, V., & Solowij, N. (2016). An MRI study
of white matter tract integrity in regular cannabis users: Effects of can-
nabis use and age. Psychopharmacology, 233, 3627–3637. doi:10.1007/
s00213-016-4398-3

Johnston, L. D., Miech, R. A., O’Malley, P. M., Bachman, J. G., Schulen-
berg, J. E., & Patrick, M. E. (2020). Monitoring the Future national
survey results on drug use 1975-2019: Overview, key findings on adoles-
cent drug use. Ann Arbor, MI: Institute for Social Research, University
of Michigan.

Kangiser, M. M., Thomas, A. M., Kaiver, C. M., & Lisdahl, K. M. (2020).
Nicotine effects on white matter microstructure in young adults. Ar-
chives of Clinical Neuropsychology, 35, 10–21. doi:10.1093/arclin/
acy101

Karoly, H. C., Schacht, J. P., Jacobus, J., Meredith, L. R., Taylor, C. T.,
Tapert, S. F., . . . Squeglia, L. M. (2019a). Preliminary evidence that
computerized approach avoidance training is not associated with
changes in fMRI cannabis cue reactivity in non-treatment-seeking ado-
lescent cannabis users. Drug and Alcohol Dependence, 200, 145–152.
doi:10.1016/j.drugalcdep.2019.04.007

Karoly, H. C., Schacht, J. P., Meredith, L. R., Jacobus, J., Tapert, S. F.,
Gray, K. M., & Squeglia, L. M. (2019b). Investigating a novel fMRI
cannabis cue reactivity task in youth. Addictive Behaviors, 89, 20–28.
doi:10.1016/j.addbeh.2018.09.015

Liu, J. J., Mohila, C. A., Gong, Y., Govindarajan, N., & Onn, S. P.
(2005). Chronic nicotine exposure during adolescence differen-
tially influences calcium-binding proteins in rat anterior cingu-
late cortex. European Journal of Neuroscience, 22, 2462–2474.
doi:10.1111/j.1460-9568.2005.04423.x

Lorenzetti, V., Solowij, N., Whittle, S., Fornito, A., Lubman, D. I., Pante-
lis, C., & Yücel, M. (2015). Gross morphological brain changes with
chronic, heavy cannabis use. British Journal of Psychiatry, 206, 77–78.
doi:10.1192/bjp.bp.114.151407

Lovibond, S. H., & Lovibond, P. F. (1995). Manual for the Depression
Anxiety & Stress Scales (2nd ed.). Sydney, Australia: Psychology
Foundation.

Matochik, J. A., Eldreth, D. A., Cadet, J.-L., & Bolla, K. I. (2005). Altered
brain tissue composition in heavy marijuana users. Drug and Alcohol
Dependence, 77, 23–30. doi:10.1016/j.drugalcdep.2004.06.011

Meier, E., & Hatsukami, D. K. (2016). A review of the additive health risk
of cannabis and tobacco co-use. Drug and Alcohol Dependence, 166,
6–12. doi:10.1016/j.drugalcdep.2016.07.013

Nicksic, N. E., Do, E. K., & Barnes, A. J. (2020). Cannabis legalization,
tobacco prevention policies, and cannabis use in E-cigarettes among
youth. Drug and Alcohol Dependence, 206, 107730. doi:10.1016/j.
drugalcdep.2019.107730

Nilsson, M., Lätt, J., Ståhlberg, F., van Westen, D., & Hagslätt, H. (2012).
The importance of axonal undulation in diffusion MR measurements:
A Monte Carlo simulation study. NMR in Biomedicine, 25, 795–805.
doi:10.1002/nbm.1795

Oouchi, H., Yamada, K., Sakai, K., Kizu, O., Kubota, T., Ito, H., &
Nishimura, T. (2007). Diffusion anisotropy measurement of brain white
matter is affected by voxel size: Underestimation occurs in areas with
crossing fibers. American Journal of Neuroradiology, 28, 1102–1106.
doi:10.3174/ajnr.A0488

Orr, J. M., Paschall, C. J., & Banich, M. T. (2016). Recreational marijuana
use impacts white matter integrity and subcortical (but not cortical)

morphometry. NeuroImage: Clinical, 12, 47–56. doi:10.1016/j.
nicl.2016.06.006

Paus, T., Keshavan, M., & Giedd, J. N. (2008). Why do many psychiatric
disorders emerge during adolescence? Nature Reviews Neuroscience, 9,
947–957. doi:10.1038/nrn2513

Pierce, J. P., Chen, R., Leas, E. C., White, M. M., Kealey, S., Stone, M.
D., . . . Messer, K. (2021). Use of e-cigarettes and other tobacco
products and progression to daily cigarette smoking. Pediatrics, 147,
e2020025122. doi:10.1542/peds.2020-025122

Rapp, C., Walter, A., Studerus, E., Bugra, H., Tamagni, C., Röthlisberger,
M., . . . Riecher-Rössler, A. (2013). Cannabis use and brain structural al-
terations of the cingulate cortex in early psychosis. Psychiatry Research:
Neuroimaging, 214, 102–108. doi:10.1016/j.pscychresns.2013.06.006

Schacht, J. P., Hutchison, K. E., & Filbey, F. M. (2012). Associations be-
tween cannabinoid receptor-1 (CNR1) variation and hippocampus and
amygdala volumes in heavy cannabis users. Neuropsychopharmacology,
37, 2368–2376. doi:10.1038/npp.2012.92

Schauer, G. L., & Peters, E. N. (2018). Correlates and trends in youth
co-use of marijuana and tobacco in the United States, 2005-2014.
Drug and Alcohol Dependence, 185, 238–244. doi:10.1016/j.
drugalcdep.2017.12.007

Scherma, M., Muntoni, A. L., Melis, M., Fattore, L., Fadda, P., Fratta, W.,
& Pistis, M. (2016). Interactions between the endocannabinoid and
nicotinic cholinergic systems: Preclinical evidence and therapeutic
perspectives. Psychopharmacology, 233, 1765–1777. doi:10.1007/
s00213-015-4196-3

Schulenberg, J. E., Johnston, L. D., O’Malley, P. M., Bachman, J. G., Miech,
R. A., & Patrick, M. E. (2019). Monitoring the Future national survey
results on drug use, 1975–2018: Volume II, College students and adults
ages 19–60. Ann Arbor, MI: Institute for Social Research, The Univer-
sity of Michigan.

Schuster, R. M., Mermelstein, R. J., & Hedeker, D. (2016). Ecological
momentary assessment of working memory under conditions of si-
multaneous marijuana and tobacco use. Addiction, 111, 1466–1476.
doi:10.1111/add.13342

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens,
T. E., Johansen-Berg, H., . . . Matthews, P. M. (2004). Advances in
functional and structural MR image analysis and implementation
as FSL. NeuroImage, 23, Supplement 1, S208–S219. doi:10.1016/j.
neuroimage.2004.07.051

Solowij, N., & Battisti, R. (2008). The chronic effects of cannabis on
memory in humans: A review. Current Drug Abuse Reviews, 1, 81–98.
doi:10.2174/1874473710801010081

Somerville, L. H., & Casey, B. J. (2010). Developmental neurobiology of
cognitive control and motivational systems. Current Opinion in Neuro-
biology, 20, 236–241. doi:10.1016/j.conb.2010.01.006

Sorg, S. F., Merritt, V. C., Clark, A. L., Werhane, M. L., Holiday, K. A.,
Schiehser, D. M., . . . Delano-Wood, L. (2021). Elevated intraindividual
variability in executive functions and associations with white matter
microstructure in veterans with mild traumatic brain injury. Journal of
the International Neuropsychological Society, 27, 305–314. doi:10.1017/
S1355617720000879

Squeglia, L. M., & Gray, K. M. (2016). Alcohol and drug use and the
developing brain. Current Psychiatry Reports, 18, 46. doi:10.1007/
s11920-016-0689-y

Stiles, J., & Jernigan, T. L. (2010). The basics of brain development. Neu-
ropsychology Review, 20, 327–348. doi:10.1007/s11065-010-9148-4

Tuch, D. S. (2004). Q-ball imaging. Magnetic Resonance in Medicine, 52,
1358–1372. doi:10.1002/mrm.20279

Tucker, J. S., Pedersen, E. R., Seelam, R., Dunbar, M. S., Shih, R. A., &
D’Amico, E. J. (2019). Types of cannabis and tobacco/nicotine co-use



COURTNEY ET AL. 295

and associated outcomes in young adulthood. Psychology of Addictive
Behaviors, 33, 401–411. doi:10.1037/adb0000464

van Ewijk, H., Groenman, A. P., Zwiers, M. P., Heslenfeld, D. J., Faraone,
S. V., Hartman, C. A., . . . Oosterlaan, J. (2015). Smoking and the de-
veloping brain: Altered white matter microstructure in attention-deficit/
hyperactivity disorder and healthy controls. Human Brain Mapping, 36,
1180–1189. doi:10.1002/hbm.22695

Viveros, M. P., Marco, E. M., & File, S. E. (2006). Nicotine and cannabi-
noids: Parallels, contrasts and interactions. Neuroscience and Biobe-
havioral Reviews, 30, 1161–1181. doi:10.1016/j.neubiorev.2006.08.002

Wade, N. E., Thomas, A. M., Gruber, S. A., Tapert, S. F., Filbey, F. M., &
Lisdahl, K. M. (2020). Binge and cannabis co-use episodes in relation
to white matter integrity in emerging adults. Cannabis and Cannabinoid
Research, 5, 62–72. doi:10.1089/can.2018.0062

Warren, G. W., Alberg, A. J., Kraft, A. S., & Cummings, K. M. (2014). The
2014 Surgeon General’s report: “The health consequences of smok-
ing—50 years of progress”: A paradigm shift in cancer care. Cancer,
120, 1914–1916. doi:10.1002/cncr.28695

Wiers, C. E., Shokri-Kojori, E., Wong, C. T., Abi-Dargham, A., Demiral,
S. B., Tomasi, D., . . . Volkow, N. D. (2016). Cannabis abusers show
hypofrontality and blunted brain responses to a stimulant challenge in
females but not in males. Neuropsychopharmacology, 41, 2596–2605.
doi:10.1038/npp.2016.67

Yeh, F. C. (2021). DSI Studio: Zenodo [Software]. doi:10.5281/
zenodo.4978980

Yeh, F. C., Badre, D., & Verstynen, T. (2016). Connectometry: A statistical

approach harnessing the analytical potential of the local connectome.
NeuroImage, 125, 162–171. doi:10.1016/j.neuroimage.2015.10.053

Yeh, F. C., Panesar, S., Barrios, J., Fernandes, D., Abhinav, K., Meola, A.,
& Fernandez-Miranda, J. C. (2019). Automatic removal of false connec-
tions in diffusion MRI tractography using topology-informed pruning
(TIP). Neurotherapeutics, 16, 52–58. doi:10.1007/s13311-018-0663-y

Yeh, F. C., Tang, P.-F., & Tseng, W.-Y. I. (2013a). Diffusion MRI connec-
tometry automatically reveals affected fiber pathways in individuals
with chronic stroke. NeuroImage: Clinical, 2, 912–921. doi:10.1016/j.
nicl.2013.06.014

Yeh, F. C., & Tseng, W.-Y. I. (2011). NTU-90: A high angular resolution
brain atlas constructed by q-space diffeomorphic reconstruction. Neuro-
Image, 58, 91–99. doi:10.1016/j.neuroimage.2011.06.021

Yeh, F. C., Verstynen, T. D., Wang, Y., Fernández-Miranda, J. C., & Tseng,
W. Y. (2013b). Deterministic diffusion fiber tracking improved by
quantitative anisotropy. PLoS One, 8, e80713. doi:10.1371/journal.
pone.0080713

Yeh, F. C., Wedeen, V. J., & Tseng, W.-Y. I. (2010). Generalized q-sampling
imaging. IEEE Transactions on Medical Imaging, 29, 1626–1635.
doi:10.1109/TMI.2010.2045126

Yu, D., Yuan, K., Zhang, B., Liu, J., Dong, M., Jin, C., . . . Tian, J. (2016).
White matter integrity in young smokers: A tract-based spatial statistics
study. Addiction Biology, 21, 679–687. doi:10.1111/adb.12237

Zalesky, A., Solowij, N., Yücel, M., Lubman, D. I., Takagi, M., Harding,
I. H., . . . Seal, M. (2012). Effect of long-term cannabis use on axonal
fibre connectivity. Brain, 135, 2245–2255. doi:10.1093/brain/aws136




