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Background: There is growing evidence that inhalants are neurotoxic to white matter, yet limited work has been conducted to inves-
tigate the neurobiologic effects of long-term exposure among adolescent users, despite inhalant use being most prominent during this
developmental period. Methods: We used diffusion tensor imaging to examine white-matter integrity in 11 adolescents who used in-
halants, 11 matched cannabis users and 8 drug-naive controls. Results: Although both groups of drug users had white-matter abnormal-
ities (i.e., lower fractional anisotropy), abnormalities were more pronounced in the inhalant group, particularly among early-onset users.
Limitations: The findings of this study should be considered in light of its small sample size, cross-sectional design and the complex
psychosocial background of long-term inhalant users. Conclusion: White-matter abnormalities may underpin long-term behavioural and

mental health problems seen in individuals with long-term inhalant use.

Introduction

Inhalants, such as toluene, are neurotoxic to white matter and
are one of the first substances to be abused by adolescents."*
Such use may negatively impact brain development, especially
white-matter connectivity, which continues to develop
throughout adolescence.** We sought to examine axonal in-
tegrity in the white matter of adolescent users of inhalants. As a
comparison group, we included cannabis-using adolescents
matched on multiple variables to control for differences associ-
ated with potential psychosocial confounds (e.g., unstable and
dysfunctional families and school absenteeism), as well as to test
for the specificity of any identified white-matter differences.**”

Methods

We recruited 30 adolescents (Table 1). The participants com-

prised long-term (daily or almost daily use for > 12 mo) in-
halant users (n = 11), matched cannabis users (n = 11) and
drug-naive controls (n = 8). Inhalant and cannabis users were
recruited via the Department of Human Services from the
Western and Northern regions of Melbourne, Australia. The
controls were matched for years and quality of education, in-
telligence, sex and use of tobacco, alcohol and cannabis. Con-
trols were recruited from the general community in the same
geographic location as the cannabis and inhalant users.

The Melbourne Health Research and Ethics Committee
and the Department of Human Services approved this study,
and consent was obtained from all participants as well as
their parents or legal guardians if relevant.

Both the cannabis and inhalant users had been using drugs
(i.e., inhalants or cannabis) at least weekly for 1 or more
years. We excluded participants who were taking psycho-
tropic medications; we also excluded those with a psychotic
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disorder or serious medical condition. Cannabis users were
excluded if they had used inhalants for 6 months or more.
Controls had no history of substance abuse or mental disor-
ders. Although age was comparable across all 3 groups, both
drug-using groups had fewer years of education and lower

intelligence quotients than controls.

We acquired diffusion-tensor magnetic resonance images
using a Siemens Trio 3.0-T scanner. The spin-echo echo-planar
imaging sequence (echo time 106 ms, repetition time 6.1 s, field
of view 220 x 220 mm?) consisted of 48 isotropically distributed

Table 1: Demographic, substance use and clinical characteristics of study participants

Group; mean (SD)*

Inhalant use, Cannabis use, Controls,
Characteristic n=11 n=11 n=8 F, x%or tvalue p value
Age, yr 18.2 (1.6) 19.4 (1.9) 19.7 (2.7) F,=14 0.27
Education 9.2 (1.4) 9.2 (1.3) 11.0 (1.6) F,,, = 4.63 0.019%
Sex, % male 455 66.7 25.0 x’,=3.3 0.19
Intelligence quotient 84.7 (16.2) 82.2 (16.3) 106.2 (18.4) F,,, = 9.68 0.001§
Regular tobacco use, % of participants 100 100 66.7 ¥, =6.97 0.031
Age of initiation, yr 12.44 (1.5) 13.0 (2.6) 16.50 (0.71) F,,=3.0 0.07
No. of cigarettes in a typical day 15.44 (10.1) 16.8 (10.1) 3.0 (2.8) F,,=1.69 0.21
Regular alcohol use, % of participants 70 81.8 37.5 x,=4.16 0.13
Age of initiation, yr 15.29 (1.6) 14.2 (2.9) 18.33 (0.58) F,,=3.55 0.05
Zl;)-/ of standard drinkst in a typical 2.61 (6.1) 1.7 (2.6) 0.42 (0.38) F,,, =0.490 0.62
Regular cannabis use, % 77.8 100 — xz‘ =0.563 0.45
Age of initiation, yr 14.0 (1.8) 15.0 (1.6) — t,=-1.22 0.24
No. of grams in a typical day 1.6 (2.5) 0.8 (0.5) — t,=0.949 0.36
Regular inhalant use, % 100 22.2 — xz‘ =8.42 0.004
Age of initiation, yr 152 (1.8) 12.7 (1.2) — t, =232 0.041
No. of cans in a typical day 1.61 (1.3) — — — —

SD = standard deviation.
*Unless otherwise indicated.

1A standard drink was defined as containing 10 grams of alcohol.
Tukey post-hoc tests for education: inhalant v. cannabis = 1.0, inhalant v. controls = 0.035, cannabis v. controls = 0.029.
§Tukey post-hoc tests for intelligence: inhalant v. cannabis = 0.930, inhalant v. controls = 0.003, cannabis v. controls = 0.001.

Table 2: Significant clusters segregated according to group differences*

Mean (SD) . Group; mean (SD) MNI centre of mass
Cluster size,
Group difference; cluster p cluster p post-hoc no. voxels FA controls FA users Cohen d X y z
FA cannabis < FA controls, df = 17
Right hippocampus 0.18 (0.01) 0.001 498 0.40 (0.02) 0.37 (0.02) 1.8 +31 11 -5
Left hippocampus 0.14 (0.01) 0.0002 588 0.50 (0.02) 0.45 (0.02) 22 -38 -19 -9
Right superior longitudinal 0.23 (0.01) 0.0009 407 0.57 (0.03) 0.50 (0.03) 1.8 +15 -17 +54
fascicle
FA inhalant < FA controls, df = 17
Right hippocampus 0.02 (0.004) < 0.0001 1592 0.44 (0.02) 0.39 (0.01) 2.9 +34 -16 -8
Left hippocampus 0.06 (0.007) < 0.0001 954 0.47 (0.02) 0.43 (0.02) 24 -36 -16 -10
Right splenium 0.02 (0.005) < 0.0001 1513 0.59 (0.01) 0.54 (0.03) 2.7 +21 -53 +21
Left splenium 0.1 (0.01) 0.0002 675 0.71 (0.02) 0.64 (0.03) 24 -21 -49 +12
Right corpus callosum 0.2 (0.01) 0.001 434 0.47 (0.03) 0.40 (0.03) 1.8 +23 +31  +13
Age at which inhalant use began
Right frontal lobe 0.10 (0.01) 0.14 706 — 0.48 (0.05) 0.41 +16  +33 -5
Left frontal lobe 0.20 (0.01) 0.20 399 — 0.64 (0.05) 0.41 -15  +33 +6
Right posterior limb of the 0.14 (0.01) 0.02 560 — 0.50 (0.04) 0.61 +23 -16  +31
internal capsule
FA inhalant < FA cannabis, df = 20
Right corpus callosum 0.03 (0.005) 0.0002 1375 0.60 (0.01) 0.56 (0.03) 1.9 +15 -32 +26
Left corpus callosum 0.04 (0.007) 0.001 1130 0.65 (0.02) 0.60 (0.03) 1.6 -14 -14  +27

df = degrees of freedom; FA = fractional anisotropy; MNI = Montreal Neurological Institute; SD = standard deviation.
*A post-hoc analysis was performed to test for a difference between users and controls in the average value of FA over a cluster. The p value derived from this post-hoc analysis
(i.e., 2-sample ttest) is reported in the third column.

tSpearman rho.
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gradient directions (b = 1000 s/mm?) acquired over a 128 x 128
image matrix at 38 consecutive axial slices, 3-mm thick, result-
ing in voxel dimensions of 1.72 x 1.72 x 3.0 mm.

We used fractional anisotropy (FA) to index white-matter
integrity; we computed FA for each participant using the
methods described by Basser and colleagues.® We conducted
voxel-based comparisons of FA within the tract-based spatial
statistical analytic framework.” The analysis was performed
on a voxel-wise basis within a white-matter skeleton to detect
regions exhibiting statistically significant differences in FA
between the 3 groups. Each voxel making up the white-matter
skeleton was chosen based on the criterion that it exhibits the

White-matter abnormalities in long-term inhalant users

maximal value of FA in a local neighbourhood. This enables
more accurate voxel alignment between participants at the
expense of neglecting potential abnormalities confined to per-
ipheral white matter.

We calculated t statistics for each skeleton voxel, and voxels
with t < 2 were excluded. Adjacent skeleton voxels with a ¢ sta-
tistic exceeding the suprathreshold were clustered, and the sig-
nificance of cluster size was determined by comparing the vol-
ume of each cluster with the maximal cluster volume observed
under the null hypothesis, sampled via permutation testing.
Given the exploratory nature of this study and the relatively
small sample sizes, we report all group differences satisfying a

Voxels comprising the skeleton
were tested for group differences

Right and left hippocampus

Right and left frontal lobe

A White-matter skeleton B FA adolescent cannabis users < FA controls

> W

Right and left hippocampus

C FA adolescent inhalant users < FA controls

Right and left splenium

D Age at which inhalant abuse commenced
Earlier age predicts lower FA

Right posterior limb of the internal capsule

Right superior long fascicle

Right and left callosum

Fig. 1: (A) Tract-based spatial statistics skeleton used for fractional anisotropy analyses and (B) group
differences for controls versus cannabis users, (C) inhalant users versus controls and (E) inhalent
users versus cannabis users. Also shown are the (D) age-dependent effects on fractional anisotropy in the
inhalant group. Some regions that were not statistically significant are shown here for display purposes.
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less stringent significance threshold of p < 0.2. We also explicitly
reported the significance of each cluster satisfying this criterion
to show clusters satisfying a more stringent significance
threshold. We also conducted a post-hoc analysis whereby the
average value of FA within a cluster was compared between
users and controls using a 2-sample ¢ test. We also computed
effect sizes (Cohen d) for each cluster.

We tested for associations between regional FA, age and
substance use parameters. Specifically, we tested for 7 associ-
ations with the average value of FA at each cluster: age, age
at which cannabis use began, age at which inhalant use be-
gan, duration of regular inhalant use, duration of regular
cannabis use, weekly cannabis dosage and weekly inhalant
dosage. We also used the first 3 associations as regressors in
the general linear model.

Results

Relative to controls, inhalant users had lower FA in a portion
of the fasciculus adjacent to the left hippocampus (possibly
the fornix and stria terminalis) and the left and right limbs of
the splenium of the corpus callosum (Table 2). Relative to
controls, cannabis users had lower FA in the fasciculus adja-
cent to the right hippocampus. There was no evidence of
higher FA in the drug-using groups compared with the con-
trol group. A direct comparison of the drug-using groups re-
vealed lower FA in the left and right callosa in the inhalant
users (Fig. 1). The only significant covariate was age of onset
of regular inhalant use, which was positively associated with
FA in the left and right frontal lobes (Fig. 1).

Discussion

To our knowledge, this is the first diffusion tensor imaging
study of long-term inhalant use among adolescents. Our
findings indicate that both adolescent use of inhalants and
cannabis are associated with white-matter abnormalities, par-
ticularly in the medial temporal and callosal pathways, with
callosal abnormalities being more severe among inhalant
users. In addition, younger age at the onset of inhalant use
was associated with lower frontal white-matter integrity,
suggesting that earlier use may result in greater injury. Our
findings are consistent with those from animal studies show-
ing neurobiologic sequelae of long-term toluene exposure
during adolescence.”* Our findings are also consistent with
the broader substance use literature suggesting that early use
is associated with poorer outcomes.®

Limitations

We matched the comparison groups as closely as possible for
relevant sociodemographic factors, but because of the small
sample size and cross-sectional design, these findings should
be replicated in larger cohorts before firm conclusions can be
made. For example, despite not being statistically different,
sex and alcohol and tobacco use may still be background
confounding variables. Moreover, the typically complex pre-
sentation of long-term inhalant users (i.e., disadvantaged

psychosocial background, comorbid psychopathology and
poor motivation or engagement) is rarely considered when
investigating associated neurobiologic impairments. Future
research should carefully consider the role of such factors,
given the evidence suggesting that they can considerably al-
ter the association between inhalant use and neurobiologic
impairments.** Future studies using longitudinal designs
will prove valuable in better understanding the toxic effects
of inhalant use.

Conclusion

Long-term inhalant use, compared with the use of other drugs,
may be more hazardous for the developing brain because in-
halants are highly lipophilic and toxic, making them particularly
dangerous to fatty tissue such as myelin. Indeed, the neuro-
psychologic deficits commonly reported among inhalant users
are consistent with white-matter pathology.* Such deficits may
render individuals vulnerable to impaired decision-making
(e.g., impulsivity, emotional dysregulation), disturbed behav-
iours (e.g., delinquency, aggression, amotivation, suicide) and
future psychiatric problems.* Delayed use of such substances
would help minimize neuronal injury, while abstinence may
assist in the recovery of any lost function.”
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