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Abstract

The identification of a blood marker of brain pathology that is sensitive to substance-induced neurotoxicity and dynamically
responds to longitudinal changes in substance intake would substantially improve clinical monitoring in the field of substance
use and addiction. Here, we explored the hypothesis that plasma levels of neurofilament light chain (NfL), a promising marker
of neuroaxonal pathology, are elevated in chronic cocaine users and longitudinally associated with changes in cocaine use.
Plasma NfL levels were determined using single molecule array (SIMOA) technology at baseline and at a 4-month follow-
up. Substance use was subjectively assessed with an extensive interview and objectively measured via toxicological analysis
of urine and 4-month hair samples. In a generalized linear model corrected for sex, age, and body mass index, NfL plasma
levels were elevated in cocaine users (n=35) compared to stimulant-naive healthy controls (n=35). A positive correlation
between cocaine hair concentration and NfL levels was also found. Changes in cocaine hair concentration (group analysis of
increasers vs. decreasers) over the 4-month interval predicted NfL levels at follow-up, indicating a rise in NfLL with increased
cocaine use and a reduction with decreased use. No associations between use or change of use of other substances (including
the neurotoxic cocaine adulterant levamisole) and NfL levels were found. Our findings demonstrate that NfL is a sensitive
marker for assessing cocaine-related neuroaxonal pathology, supporting the utility of blood NfL analysis in addiction research
but also suggesting the detailed assessment of substance use in neurological studies and diagnostics.
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Introduction

Chronic cocaine use has been consistently associated with
a range of structural brain alterations, including volumet-
ric changes in cortical and subcortical regions and disrup-
tion of white matter tracts [1-5]. Although some recent
longitudinal studies have suggested that neuroanatomical
alterations in fronto-cortical areas covary with changes of
cocaine consumption [6, 7], most of the findings are limited
to cross-sectional observations. Thus, the extent to which
these structural impairments are directly related to cocaine-
induced brain pathology (neurotoxicity) rather than preexist-
ing traits (predisposition) remains unclear [8, 9]. Moreover,
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cocaine adulteration with neurotoxic compounds (e.g., the
anthelmintic levamisole) [10, 11], concomitant use of other
illicit substances or alcohol [12], and comorbidity with psy-
chiatric disorders (e.g., depression) [12—15] might influence
brain integrity in chronic cocaine users (CU) independently
of cocaine intake itself. Considering the limitations of

@ Springer


http://orcid.org/0000-0002-3787-6706
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-023-03327-6&domain=pdf

3936

Molecular Neurobiology (2023) 60:3935-3944

current diagnostic methods, the introduction of new mark-
ers of active brain pathology may help clarify crucial ques-
tions on substance-induced brain pathology and provide
new monitoring tools for physicians working in addiction
medicine [16].

Neurofilament light chain (NfL) is a cytoskeletal protein
that is released in extracellular matrices during neuroaxonal
damage [17]. Since the recent introduction of highly sensi-
tive assay methods, NfL has emerged as the most promising
blood marker of neuroaxonal pathologies for clinical use
[18]. In particular, NfL levels have been shown to reflect
active brain disease, dynamically respond to therapeutic
interventions, and offer prognostic information in a num-
ber of neuropsychiatric disorders, such as multiple sclero-
sis, neurodegenerative disorders, traumatic brain injuries,
and depression [14, 19, 20]. Our recent work also reported
elevated NfL levels in patients with chronic ketamine addic-
tion, demonstrating its sensitivity to substance-related brain
pathology [13]. However, NfL levels in chronic MDMA
(“ecstasy”) users did not differ from levels in healthy par-
ticipants [21]. The lack of white matter pathology in MDMA
users from the same sample was also confirmed by diffusion
tensor imaging measures.

Although cocaine use has been associated with several
markers of brain pathology, this is the first study to investi-
gate its impact on NfL levels. We compared the NfL levels
of a sample of 35 CU with 35 healthy controls (HC) at base-
line. Additionally, we investigated the dose-response rela-
tionship between NfL concentrations and cocaine consump-
tion at baseline. Finally, we evaluated longitudinal changes
in NfL levels in relation to objectively confirmed changes
in cocaine consumption across a 4-month follow-up period
as determined by hair testing. Based on previous cross-
sectional findings linking structural brain alterations with
chronic cocaine use [1-4], we hypothesized that NfL levels
would be elevated in CU at baseline in a dose-dependent
manner. Moreover, we expected that NfL levels at follow-up
would be associated with changes in cocaine consumption
during the 4-month interval, as previously shown for ana-
tomical and cognitive measures in cocaine user populations
[7, 22, 23]. Finally, we expected that levamisole (a common
adulterant of cocaine) would have an additional impact on
NfL levels, given its proven neurotoxic effects on white and
gray matter [10, 11, 24, 25].

The identification of a blood marker of active brain
pathology that is sensitive to substance-induced neurotox-
icity and dynamically responds to longitudinal changes in
substance intake would substantially improve clinical moni-
toring in the field of substance use and addiction. Moreo-
ver, considering the increasing attention NfL analysis is
receiving in neurology and psychiatry, the identification of
variables that confound NfL levels is crucial for its use as a
marker in clinical settings.
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Methods
Participants

The data were collected in the context of the Social Stress
Cocaine Study (SSCP) at the Psychiatric Hospital of the
University of Zurich.[15, 26] The general exclusion criteria
were a family history of genetically transmitted psychiatric
disorders (h2>0.5, e.g., autism, schizophrenia, or bipolar
disorder); any severe neurological disorder or brain injury;
a current diagnosis of infectious disease or severe somatic
disorder; a history of autoimmune, endocrine, or rheumatoid
arthritis; intake of medication with potential action on the
central nervous system or the physiological stress system
during the previous 72h; participation in a large previous
study conducted by our lab, the Zurich Cocaine Cognition
Study [7, 10]; and (for women) being pregnant or breast-
feeding. The criteria for inclusion of CU in the study were
cocaine as the primary substance of use; a lifetime cumula-
tive consumption of at least 100 g of cocaine, estimated by
self-report; and a current abstinence duration of <6 months.
We also excluded CU who regularly used illegal substances
other than cocaine, such as heroin or other opioids (with the
exception of irregular cannabis use); those with a polysub-
stance use pattern according to DSM-IV-TR; and those with
a DSM-IV-TR axis I adult psychiatric disorder diagnosis
other than cocaine, cannabis, or alcohol abuse or depend-
ence, previous depressive episodes, and attention deficit
hyperactivity disorder (ADHD). Stimulant-naive HC were
matched for sex. The exclusion criteria for HC were a DSM-
IV-TR axis I adult psychiatric disorder or recurrent illegal
substance use (>15 occasions in the lifetime, with the excep-
tion of irregular cannabis use).

For the current investigation, a sample of 37 CU and
39 HC was initially available. However, in accordance
with our exclusion criteria, two CU were retrospectively
excluded because of polytoxic substance use patterns and
low cocaine consumption, confirmed by toxicological hair
analysis. Four HC were also excluded because of positive
hair toxicology for cocaine or other substances according
to published thresholds [27], which is in line with recent
prevalence rates among young adults in the Zurich area
[28]. Therefore, a sample of 35 CU and 35 HC with base-
line data was considered for the final analyses.

Assessments

Procedure

The test procedure was similar at baseline (T1) and fol-
low-up (T2) visits. The interval between T1 and T2 was
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approximately 4 months (number of days between T1 and
T2, mean+SD: HC=135+19; CU=169+71). Both vis-
its included a clinical and substance-related assessment,
blood sampling for NfL analysis, and toxicological analy-
sis of urine and hair.

Clinical and Substance Use Assessment

The psychopathological assessment was carried out by
trained psychologists using the Structured Clinical Interview
I (SCID-I) in accordance with DSM-IV-TR [29]. Depres-
sive symptoms were assessed using the Beck Depression
Inventory (BDI) [30]. The Childhood Trauma Questionnaire
(CTQ) was used to screen for traumatic childhood experi-
ences [31]. Symptoms of ADHD were assessed using the
ADHD self-rating scale (ADHD-SR) [32]. Self-reported sub-
stance use was assessed with the structured and standardized
Interview for Psychotropic Drug Consumption (IPDC) [33].

Neurofilament Light Chain Analysis

Plasma NfL levels were measured using single-molecule
array (SIMOA) technology at the University Hospital Basel.
Blood was collected in EDTA tubes and directly centrifuged
for 15 min at 1500 g at room temperature. All plasma sam-
ples were frozen and stored at —80°C. All intra-assay coef-
ficients of variation of duplicate determinations obtained by
SIMOA analysis were below 15%. The mean coefficient of
variation was 4.78% in the CU group and 6.25% in the HC
group. To minimize the possibility of technical issues or
batch effects, T1 and T2 samples were analyzed together at
the end of the study.

Urine and Hair Toxicological Analysis

Urine analyses using a semi-quantitative enzyme multi-
plied immunoassay method targeted the following sub-
stances: amphetamines, barbiturates, benzodiazepines,
cocaine, methadone, morphine-related opiates, and
delta-9-tetrahydrocannabinol. In addition, quantitative
analysis of hair samples using liquid chromatography
tandem mass spectrometry (LC-MS/MS) was conducted
to investigate substance consumption over the previous
4 months, as represented in the proximal 4 cm-segment
of the hair samples taken from the occiput. In total, 88
substances and substance metabolites were assessed
[34]. The parameter cocaine,,, (= Cocaine + Benzo-
ylecgonine + Norcocaine) was calculated. Together with
the corresponding metabolic ratios, cocaine,,, offers a
robust procedure for discriminating between incorpora-
tion and contamination of hair [35].

Statistical Analysis
Preliminary Analysis

All statistical analyses were computed with SPSS version
25 (IBM Corp., SPSS Inc., Chicago, IL, USA) and R-Stu-
dio (Version 3.6.1). Quantitative variables were tested for
normal distribution using the Kolmogorov—Smirnov test.
Between-group comparisons (CU/HC) of sociodemographic
and clinical data and substance use variables were performed
using Student’s #-tests (for normally distributed quantita-
tive data), Mann—Whitney U tests (for non-normally dis-
tributed quantitative data), or Pearson’s chi-square test (for
categorical data). The significance level was set at p<0.05
(two-tailed).

Effects of Cocaine Intake on NfL Levels at Baseline

As a first step, we performed a generalized linear model
(GLM) with Gaussian distribution and log link function to
test group effects on NfL levels. We included group (CU/
HC) and sex (female/male) as fixed factors and age and
BMI as further covariates. The model selection was based
on lognormal distribution of NfL levels. Age was included
due to the strong link between advancing age and increased
NfL levels [36], and BMI was included due to its potential
confounding effects on NfL levels [36]. Sex was included to
correct for potential sex-specific effects of cocaine use on
brain integrity [3]. As a second step, Spearman’s correlation
coefficients were calculated to investigate the dose—response
relationships between substance use and NfL levels. Hair
concentrations of substances and self-reported substance use
variables were used for the correlation analysis.

Longitudinal Effects of Changes in Cocaine Use on NfL
Levels at Follow-up

At follow-up, CU were characterized as either increasers
(participants who elevated their cocaine use between T1 and
T2) or decreasers (participants who reduced their cocaine
use in the same period). The assignment criteria were based
on absolute changes in cocaine concentration in toxicologi-
cal hair analysis between T1 and T2. The effect of changes
in cocaine consumption on NfL levels at follow-up was
analyzed using a GLM with Gaussian distribution and log
link function. We included group (increasers-/decreasers)
and sex (female/male) as fixed factors and age, BMI, and
NfL levels at baseline as further covariates. As a second
step, Spearman’s correlation coefficients were calculated to
investigate dose-response effects of changes in substance
use on changes in NfL levels. For this analysis, A values
were calculated to define changes in objective variables of
illicit substance use and self-reported alcohol intake (i.e.,
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Acocaing=I[cocaine concentration in hair at T2]-[cocaine
concentration in hair at T1]) and NfL (Ayy =[NfL level at
T2]-[NfL level at T1]). Extreme outliers were detected using
the 3xIQR detection rule on Ay values and excluded from
the longitudinal analysis. We applied the 3xIQR detection
rule, as it is a conservative and robust method for small sam-
ples with symmetric distributions [37]. Data from partici-
pants, who did not take part to the T2 visit, were excluded
from longitudinal analysis.

Results

Sociodemographic and Clinical Data and Substance
Use Patterns

The sociodemographic and clinical data of the 35 CU and
35 HC are summarized in Table 1. Age and BMI score
were both higher in CU compared to HC and were there-
fore included as cofactors in the GLM analysis investigating
group effect on NfL values. We found that CU had fewer
years of school than HC, which is in line with findings
in other cocaine user populations [38]. As expected, CU
scored significantly higher in the BDI and ADHD-SR and
had a higher frequency of major depressive disorder (MDD)
diagnosis than HC (according to DSM criteria) [38]. Sub-
stance use patterns are summarized in the supplementary
materials (Table S1). In CU, 4/35 subjects reported regular
intake of antidepressants (SSRI=2, SNRI=2), 3/35 subjects
reported regular intake of low-dose, antipsychotics for anxi-
ety/agitation (quetiapine=2, chlorprothixene=1), and 2/35
subjects reported regular intake of ADHD medications (ato-
moxetine=1, methylphenidate=1). No use of psychoactive

medications was reported in HC. All participants were asked
to abstain from psychoactive medications 72h before the
visits.

In accordance with the inclusion criteria, hair samples
confirmed a clear dominance of cocaine use over all other
illegal substances. The mean cocaine concentration in hair
(mean+SD: cocaine,,,;=33,102+67,934 pg/mg) was also in
line with previous findings in dependent CU obtained by our
group [38]. In contrast, the mean concentration of levami-
sole (a neurotoxic cocaine adulterant) in hair (mean+SD:
296249604 pg/mg) and the mean levamisole—cocaine ratio
in hair (0.17) were substantially lower than in our previous
reports [10]. However, this finding is coherent with the drop
in levamisole prevalence observed in Switzerland during the
period of recruitment (2017-2018) [10].

Effects of Cocaine Intake on NfL Levels at Baseline

Unadjusted mean NfL levels in plasma were significantly
higher in CU than in HC (mean/median [interquartile
range (IQR)] in pg/ml: 6.75/5.70 [4.00-6.40] vs. 4.85/4.40
[3.05-5.75]; U=414.00, p=0.020), with medium effect size
(Cohen’s d=0.51) (see Fig. 1). In the correlation analysis,
a positive association of age with NfL levels (r(s)=0.510,
p=0.002) and a negative association of BMI with NfL lev-
els (r(s)=—0.430; p=0.010) were observed in HC, which is
consistent with previous findings [36] (supplementary Table
S2). In contrast, we found no significant correlation of any
sociodemographic or clinical variable with NfL levels in
CU (r(5)<£0.33, p>0.05). Mean NfL levels did also not
differ by sex in both HC and CU (HC: U=91.00, p=0.079;
CU: U=93.50, p=0.174). In the GLM analysis accounting
for age, sex, and BMI, a significant group effect confirmed

Table 1 Sociodemographic,

o T Variables Cocaine users (N=35) Healthy con- Test statistics df P value

clinical charac.terlstlcs, and NFL trols (N=35)

levels at baseline
Age, years 333+73 2949 +7.1 U=3975 - 0.011
Sex (f/m) 11/24 13/22 ¥*=0.25 1 0.802
BMI, kg/m? 252 +4.0 233 +32 1=2.20 68  0.032
School education, years 9.6 + 1.1 105+ 1.5 U=450.5 - 0.031
Family psychiatric history (yes/no)  3/32 0/35 ¥=3.13 1 0.239
ADHD_SR, score 15.0 £ 10.5 9.6 +7.38 U=417.5 - 0.022
ADHD DSM (yes/no)* 9/26 5/30 ¥’=145 1 0371
History of MDD DSM (yes/no)® 14/21 3/32 ¥*=9.40 1 0.004
CTQ, score 53.0 +14.8 47.1+94 U=484.5 - 0.132
BDI, score 79 +6.8 41+54 U=365.0 - 0.003

Table reports counts or means =+ standard deviations. Significant group differences are shown in bold.
t = Student t-test; x> = Pearson chi-square; U = Mann-Whitney test

Cut-off according to DSM-IV criteria as assessed by the ADHD-SR questionnaire. °Cut-off according to
DSM-1V criteria as assessed by SCID-I interview

Abbreviations: ADHD, attention deficit hyperactivity disorder; BDI, Beck Depression Inventory; BMI,
body mass index; CTQ, Childhood Trauma Questionnaire; MDD, major depressive disorder
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®  Cocaine users

T T
baseline follow-up

Fig.1 NfL levels in healthy controls and chronic cocaine users.
Left panel: Boxplots showing individual plasma NfL levels (log-
transformed). Central horizontal lines indicate median values; boxes
illustrate the ranges between lower and upper quartiles. Right panel:
Scatterplot showing the relationship between hair concentration of
cocaine, and plasma NfL levels at baseline (both log-transformed).

Table 2 Generalized linear model for sociodemographic and clinical
characteristics predicting NfL levels at baseline

Variables Baseline (N=70)

Coefficient (B) SE Wald P value
Constant term 1.85 0.57 10.45 0.001
Group (HC/CU) -0.28 0.14 4.03 0.045
Age, years 0.03 0.01 10.89 0.001
Sex (f/m) 0.22 0.15 2.04 0.153
BMI, kg/m2 —0.04 0.02 3.85 0.050

Omnibus Test LQ=19.76 ;p = 0.001

Generalized linear model with normal distribution and log-link func-
tion. Dependent variable: NfL levels at baseline; factor: group (HC/
CU); co-variables: BMI, age, sex. Significant effects are shown in bold.

Abbreviations: BMI, body mass index; CU, cocaine users; HC,
healthy controls; LQ, likelihood quotient; NfL, neurofilament light
chain

higher NfL plasma levels in CU at baseline (see Table 2).
Age was a significant covariate, while BMI showed a trend
level negative association with NfL. Sex had no significant
impact on the model. Exploratory GLMs including medi-
cation as between-subjects factor (considered singularly
for each medication class, or pooled as present vs. absent)
did not influence the significance of the group effect (all
B>=+0.31; all p<0.030). No medication class showed sig-
nificant associations with NfL in the same analysis (all
B<+0.64; all p>0.341). To further exclude the potential
impact of demographic variables on elevated NfL levels in
CU, we also compared NfL levels in 22 CU and 22 HC (from
the same sample) who were matched for age (+2years) and
did not differ in mean BMI. Again, we found significantly

Healthy controls

@
3

1 p=0.36,p=0.032

! N o

o o o

! L !
°

NfL [log(pg/ml)]

N
(9]
f

0 5 10
Cocaine hair concentration [log(pg/mg)]

Cocaine,,, (= Cocaine + Benzoylecgonine + Norcocaine) is,
together with the corresponding metabolic ratios, a more robust pro-
cedure for discrimination between incorporation and contamination
of hairs. Abbreviations: HC: Healthy Controls; CU: Cocaine Users;
NfL: neurofilament light chain

higher NfL levels in CU than in HC (Z=-2.22, p=0.026).
At baseline, we found no association between NfL levels and
subclinical symptoms of depression, ADHD, or childhood
trauma (see Table S2). However, NfLL was positively asso-
ciated with hair concentration of cocaine, (r(s)=0.364,
p=0.032) (see Fig. 1). No significant association was found
between NfL and levamisole, other illicit substances, or
weekly alcohol intake in CU (see Table S3) (r(s)<+0.27,
p>0.05), in HC (r(5)<=£0.30, p>0.05) or in the whole sample
(r(s)<+0.17, p>0.05). Moreover, NfL. was not associated
with recent cocaine use assessed by urine toxicology in CU
(r(s)=0.02, p=0.91) and with age of start of CU (#(s)=0.03,
p=0.85).

Longitudinal Effects of Increased/Decreased Cocaine
Consumption on NfL Levels at Follow-up

At follow-up, 30 of 35 CU (females/males: 9/21) and 29
of 35 HC (females/males: 10/19) were available to be re-
tested. The dropouts resulted from participants, who did not
respond to the invitation for the T2 visit. Unadjusted mean
NfL levels at follow-up were significantly higher in CU than
in HC (mean/median [IQR] in pg/ml: 7.75/5.85 [3.42-8.28]
vs. 5.03/4.90 [3.33-6.48]; U=280.50; p=0.019), with a large
effect size (Cohen’s d=0.75) (see Fig. 1). In the GLM analy-
sis of follow-up values, we observed a significant effect of
group (CU/HC) on NfL at follow-up (B=-0.39, SE=4.73,
p=0.030).

Regarding cocaine levels in hair, cocaine increas-
ers (n=11) showed a mean increase of cocaine,,, con-
centration of +10,296+13,633 pg/mg (mean change,
percent: +441%; absolute change range: +475 pg/

@ Springer
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mg to +37,125 pg/mg), whereas cocaine decreas-
ers (n=19) showed a mean decrease of cocaine,,, of
—31,280+60,877 pg/mg (mean change, percent: —56%;
absolute change range: —570 pg/mg to —232,200 pg/
mg). Four subjects were excluded from the longitudi-
nal analysis, as they showed extreme variations in NfL
values (above 3IQR) between T1 and T2. In the GLM
adjusted for sex, age, BMI, and NfL levels at baseline,
we found a significant group effect of change in cocaine
use on NfL levels at follow-up (p<0.001) (see Fig. 2).
In particular, Ay, ([NfL level at T2]-[NfL level at T1])
was significantly elevated in increasers (mean+SD:
2.29+42.50 pg/ml; T=2.90, p=0.018) and reduced in
decreasers (mean+SD: —0.85+1.41 pg/ml; T=-2.407,
p=0.029) but showed no significant change in HC
(mean+SD: 0.09+1.25 pg/ml; 7=0.385, p=0.703). In
addition, NfL levels at baseline were positively asso-
ciated with NfL levels at follow-up, while age, sex,
and BMI had no significant impact on the model (see
Table 3). Moreover, two CU reported changes of medi-
cation at follow-up: one started an antidepressant medi-
cation (fluoxetine), and one changed ADHD medication
(from atomoxetine to methylphenidate). Excluding these
participants from the GLM did not influence the sig-
nificance of the group comparison (B=—0.46, p<0.001).
Longitudinal dose-response effects of cocaine intake
on NfL levels were demonstrated by a positive associa-
tion of Argcarng 1N hair with Ay (r(s)=0.58 p=0.002)
(Fig. 2). In contrast, neither changes in hair concen-
tration of other illegal substances or levamisole nor
changes in alcohol were associated with changes in NfLL
values (see Table S4).

1 p=0.6,p=0.0015

°

0.5

0.0 1

ANTL [log(pg/ml)]

-0.51

4 0 4
ACocaine hair concentration [log(pg/mg)]

Fig.2 Longitudinal changes of NfL levels depending on variation of
cocaine use. Left panel: Scatterplot showing the relationship between
variations of hair concentration of cocaine,, and plasma NfL levels
over the follow-up period. Delta values are calculated between time-
points (AX=[value X at T2]— [value X at T1]). Right panel: Plots
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Table 3 Generalized linear model for sociodemographic and clinical
characteristics predicting NFL levels at 4-month follow-up in cocaine
users

Variables Cocaine users (N= 26)

Coefficient (B) SE ~ Wald y* P value

Constant term 1.63 0.59 7.67 0.006
Group (increasers/decreas-  -0.48 0.12 15.14  >0.001
ers)

NFL levels at baseline, 0.12 0.03 18.75  >0.001
pg/ml

Age, years 0.00 0.01 0.16 0.686
Sex (f/m) -0.15 0.17 0.82 0.366
BMI, kg/m2 -0.01 0.02 0.37 0.541

Omnibus Test LQ =21.80; p = 0.001

Generalized linear model with normal distribution and log-link func-
tion. Dependent variable: NfL levels at follow-up; factor: group
(increasers/decreasers); co-variables: NfL levels at baseline, BMI,
age, sex. Significant effects are shown in bold.

Abbreviations: BMI, body mass index; LQ, likelihood quotient; NfL,
neurofilament light chain

Discussion

The aim of the present study was to investigate a potential
association between chronic cocaine use and NfL levels in
blood using a longitudinal design to assess cocaine-related
neurotoxicity. We found that plasma NfL levels were higher
in CU than HC and were positively associated with cocaine
use intensity, as confirmed by hair toxicology. Moreover,
NfL levels at the 4-month follow-up were predicted by
objectively verified changes in cocaine intake during the

° Cocaine use
L]
25 decrease
® —e— increase
(]
2.0
1.5
[ ]
[ ]
°
°
L]
1.0 - T
baseline follow-up

showing longitudinal variations of NfL levels in chronic cocaine
users with decreased vs. increased hair concentration of cocaine over
the follow-up period. Mean values + SD of NfL levels are indicated.
Abbreviations: NfL: neurofilament light chain
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interval period, showing that increased cocaine use was
associated with elevated NfL levels, while reduced use was
associated with lower NfL concentrations.

The findings suggest that cocaine use may impact neu-
roaxonal structures. In particular, NfL elevation in CU was
positively associated with increased cocaine intake, as con-
firmed by hair analysis, which makes it an objective, reli-
able, and effective way of discriminating between cocaine
ingestion and external contamination [39]. In contrast,
we found no association (cross-sectional or longitudinal)
between NfL and intake of other illicit substances or alcohol
in our sample. However, due to our preselection of primary
cocaine users, we cannot rule out potential neurotoxic effects
of other substances. Contrary to our expectations, NfLL was
not associated with the concentration of the adulterant lev-
amisole, which has been linked to structural brain alterations
in CU [10, 11, 24, 25]. The findings of previous studies by
our group suggested that levamisole induces thinning of the
prefrontal cortex and increases white matter pathology [10,
11]. However, in the current sample, the concentration of
levamisole in hair was relatively low compared to our previ-
ous studies, which is in line with the observed reduction of
levamisole concentration in cocaine samples in Switzerland
during the recruitment period [10]. Similarly, we found no
link between NfL levels and depressive symptoms, history of
childhood trauma, or ADHD symptoms. Higher NfL levels
have previously been described in patients with MDD, in
patients with bipolar disorder, and in a sample of treatment-
seeking ketamine users with a history of MDD [13, 14, 40].
An interaction between affective disorders and substance use
in increasing the vulnerability to brain pathology has also
been described, and disturbed activity of neurotrophic fac-
tors has been postulated as shared mechanism [41, 42]. How-
ever, in the present study, we specifically excluded subjects
with history of bipolar disorder or current major depressive
episodes. Thus, the lack of associations between NfL levels
and depressive symptoms in the present study is consist-
ent with the view that neuroaxonal pathology in MDD is
rather stage-dependent [14]. Finally, NfL levels at follow-
up were predicted by an interaction between baseline levels
and changes in cocaine use over the interval period. This
finding suggests that elevated NfL levels in CU may reflect
direct substance-induced effects on neuroaxonal structures
rather than a preexisting predisposition. This is consistent
with evidence from patients with neuroinflammatory disor-
ders, which demonstrated that NfL increases reflect active
(stage-dependent) rather than preexisting (trait-dependent)
brain pathology and that NfL levels may normalize with
therapeutic interventions [43].

The elevation of NfL levels observed in CU is in line
with clinical and preclinical evidence of cocaine-induced
neurotoxicity [4, 44]. However, the lack of specificity of the
NfL response does not allow us to make clear assumptions

regarding the specific neuropathological processes involved in
its elevation. In preclinical models, repeated cocaine exposure
was shown to activate several neuropathological pathways (i.e.,
oxidative stress reaction, mitochondrial dysfunction, excito-
toxicity, and autophagy), mostly mediated by long-term neu-
rometabolic dysregulations [44, 45]. The effects of repeated
cocaine administration included alterations of cytoskeletal
structures (e.g., neurofilament proteins) and were linked to
neuronal adaptations of dopaminergic circuits [46, 47]. Post-
mortem investigations also suggested damage to dopaminer-
gic neurons in the basal ganglia and white matter disruption
in CU [4, 48]. Neuroimaging studies have found reductions
in gray matter volumes, especially in the frontal and insular
areas [1, 3, 5], and widespread alterations of major white mat-
ter tracts in CU [4]. These structural changes were linked to
cognitive dysfunctions and seemed to be partially reversible
after longer periods of abstinence or decreased cocaine use [2,
7]. In particular, recovery potential was observed for gray mat-
ter volume in the inferior frontal gyrus and the ventromedial
prefrontal region [6] and for cortical thickness in the frontal
lobe area [7]. Notably, previous studies have demonstrated the
susceptibility of NfL levels to microstructural brain alterations
that are relevant for cognitive performance have been already
demonstrated in previous studies in patients with psychiatric
disorders and even in healthy controls [14, 49]. Moreover, our
findings are consistent with previous reports on the revers-
ibility of neuroanatomical alterations in fronto-cortical brain
areas [7]. Thus, repeated cocaine exposure may induce micro-
structural adaptations in fronto-cortical regions via neurometa-
bolic dysregulations, resulting in peripheral NfL elevation and
cognitive dysfunctions. A reduction of cocaine consumption
might then partially restore neurometabolic homeostasis and
allow structural recovery, specifically in frontal areas, resulting
in normalization of NfL values. In contrast, increased cocaine
consumption would likely result in continued neurometabolic
dysregulation and induce further structural damage and NfL.
release. Potential interactions between cocaine use and neuro-
inflammation have been also reported in the past, but results
have been rather inconsistent, and a clear role of inflammation
in mediating cocaine-induced brain pathology has not been
demonstrated [50].

Cocaine use has also been related to cerebrovascular dis-
ease via multiple pathways, including direct (vasospasm, cere-
bral vasculitis) and indirect (hypertensive surges, arrhythmias,
induction of plaque growth, and enhanced platelet aggrega-
tion) mechanisms [51]. Potential acute manifestations, such
as ischemic or hemorrhagic stroke, are accompanied by more
subtle and chronic alterations, such as small vessels pathology
with white matter hyperintensities [51]. Thus, NfL elevation
in CU might also be (at least partially) caused by subclinical
cerebrovascular pathology, as observed in patients with clini-
cally silent small vessel disease [52]. However, the findings
of a previous investigation by our group suggested that the
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extension of white matter hyperintensities may be associated
more with cocaine adulteration with levamisole than with the
level of cocaine intake [11]. Thus, considering the longitudi-
nal response of NfL levels to changes in cocaine intake and the
lack of association between NfL and levamisole, it is reason-
able to assume that NfL. may reflect cocaine-induced micro-
structural alterations rather than cerebrovascular disease.

Overall, the identification of a peripheral marker that is (1)
minimally invasive, widely available, and methodically robust
and (2) sensitive enough to detect substance-induced or at least
substance-related neuroaxonal pathology and (3) respond to
longitudinal variations in cocaine intake over a relatively short
period (weeks to months), could be of significant benefit for the
addiction field. For instance, it could be used to estimate the
severity of neuropsychiatric sequelae of substance use, which
could be useful for motivating patients to enter or intensify treat-
ment. Not only could NfL analysis improve our understanding
of substance-related brain damage, but it could also have rel-
evant applications in clinical settings. Based on our findings,
NfL appears to be generally suitable for monitoring the biologi-
cal harm caused by different psychoactive substances and their
adulterants. It may also be useful for identifying clinical factors
involved in vulnerability or resilience to substance-related brain
impairment, assessing the impact of therapeutic interventions
on substance users, and facilitating personalized treatments.
Moreover, considering the prevalence of cocaine use and the
overall use of illicit stimulants in the general population, our
study warrant consideration on illicit substance use as a poten-
tial confounding factor influencing NfL investigations in cohort
studies with primary neurological or psychiatric diseases.

The present study has certain limitations that must be
acknowledged. First, the sample size was moderate. However,
by performing detailed assessments of substance use patterns
and objective quantifications of substance intake by toxico-
logical hair analysis, strictly excluding participants with neu-
ropsychiatric comorbidities or severe polysubstance use, and
adopting a longitudinal design, we were able to provide robust
evidence of cocaine-induced effects on NfL levels. Second,
the lack of neuroimaging data limits our speculations on the
neuroanatomical correlates of NfL elevations and should be
considered in future investigations. Third, we did not system-
atically assess blood pressure or physical activity (e.g., con-
tact sports), or any marker of blood-brain-barrier permeability
and inflammation, although their associations with NfL levels
have been shown in previous works [36, 53]. Nonetheless, we
excluded all participants with traumatic brain injury (including
concussion or contusion), loss of consciousness, or a history
of known neurological, cardiovascular, or autoimmune disor-
ders. Moreover, alterations in the blood-brain-barrier perme-
ability and in the inflammatory response have been mostly
suggested after acute cocaine intake, but evidence of long-
lasting changes of these markers in CU are still lacking [50,
54]. Importantly, NfL levels in our sample were associated

@ Springer

with cocaine use in the last four months but not with use in the
last three days (assessed by urine toxicology), which should
be the case if NfL elevation was mostly driven by acute or
subacute effects. Fourth, we cannot exclude that NfL levels
may be affected by peripheral nerve pathology, as observed
in vasculitic, hereditary, and inflammatory neuropathies [55,
56]. Future investigations should include neuroimaging data
and eventually address other peripheral markers (e.g., alpha-
internexin) which can inform on the specific involvement of
central nervous system [57]. Nonetheless, the occurrence of
peripheral nerve pathology due to cocaine use is considered
unusual [58]. Fifth, we did not investigate peripheral inflam-
matory markers in our study and we cannot rule out potential
effects of inflammation on NfL levels. However, associations
between peripheral inflammatory markers and NfL levels in
neuropsychiatric conditions have been shown to be limited
[14, 59]. We also excluded all participants with infectious or
autoimmune conditions to avoid indirect associations with NfL
levels. Future studies including cerebrospinal fluid markers or
animal models may clarify whether cocaine use is associated
with brain pathology through neuroinflammatory alterations.
Taken together, our findings suggest a dose—response
relationship of cocaine intake on NfL levels. The sensitiv-
ity, reliability, and low-invasivity of NfL. make it an ideal
candidate for longitudinal monitoring of active brain pathol-
ogy in patients with chronic cocaine use. Accordingly, we
also suggest considering illicit substance use, specifically
of stimulants such as cocaine, as a significant confounding
variable in investigations of NfL levels in all neurological
and psychiatric studies and in its diagnostic application.
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