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A B S T R A C T   

Background: Cocaine consumption is associated with reduced attentional event-related potentials (ERPs), namely 
P3a and P3b, indicating bottom-up and top-down deficits respectively. At cognitive level, these impairments are 
larger for faster routes of administration (e.g., smoked cocaine [SC]) than slower routes (e.g., insufflated cocaine 
[IC]). Here we assess these ERPs considering the route of cocaine administration. We hypothesized that SC 
dependent (SCD) would exhibit reduced amplitude of the P3a, while both SCD and IC dependent (ICD) would 
show reduced amplitude of the P3b. 
Methods: We examined 25 SCD, 22 ICD matched by poly-consumption profiles, and 25 controls matched by 
demographic variables. We combined EEG data from the Global-Local task with behavioral data from attentional 
cognitive tasks. 
Results: At the behavioral level, SCD exhibited attentional deficits in both bottom-up and top-down processes, 
while ICD only showed a tendency for top-down deficits. The amplitude of P3a and P3b was lower in Users 
groups. We observed subtle route-based differences, with larger differences in the P3a for SCD and in the P3b for 
ICD. Neurophysiological and behavioral data converged, with the P3a associated to bottom-up performance and 
P3b to top-down. 
Conclusions: Different routes of administration lead to distinct attentional neurocognitive profiles. Specifically, 
SCD showed greater attentional impairment, mainly at bottom-up/P3a, while ICD showed a trend of top-down/ 
P3b deficits. These findings emphasize the crucial role of considering the route of administration in both clinical 
and research settings and support the use of attentional ERPs as valid measures for assessing attentional deficits 
in substance Dependence.   

1. Introduction 

Smoked cocaine (SC) represents a major health risk among vulner
able populations in Latin America (Castaño, 2000; Castilla et al., 2020; 
Poder Judicial de la Ciudad de Buenos Aires, 2016). SC has a higher 

potential for Dependence than other slower routes of administration, 
such as insufflated cocaine (IC), as the former facilitates reinforcement 
and induces neuroplasticity changes in the reward system more easily 
(Allain et al., 2015; Oliveira et al., 2018; Samaha and Robinson, 2005). 
Our previous research has shown that, while overall cocaine Users 
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exhibit executive-flexibility deficits measured by an extensive battery of 
cognitive tasks, attentional-executive impairments manifest solely in 
individuals with SC dependence (SCD), distinct from individuals with IC 
dependence (ICD) (de la Fuente et al., 2021). These findings align with 
clinical observations of heightened cognitive deficits in SC (Oliveira 
et al., 2018), alongside structural data indicating reduced gray matter 
density in the bilateral dorsal caudate in SCD compared to ICD (de la 
Fuente et al., 2021). However, the neurophysiological underpinnings of 
these deficits remain unexplored. To further define this subtle 
attentional-executive distinction, in this work we measured 
well-established attentional event-related potentials (ERPs), -which 
have been associated with substance use (Anderson et al., 2011; Biggins 
et al., 1997; Euser et al., 2012; Herning et al., 1994)-, on Users who 
differed only in the route of administration. By employing 
state-of-the-art attentional ERPs from oddball paradigm and a compre
hensive attentional-executive neuropsychological assessment, we aimed 
to better understand the neural correlates of these cognitive deficits. 

Three-oddball paradigms elicit the mismatch negativity (MMN), P3a 
and P3b components, reflecting pre-attentional, bottom-up, and top- 
down attentional processes, respectively (Conroy and Polich, 2007; 
Gooding et al., 2008; Heldmann et al., 2019; Hsieh et al., 2021). In 
passive tasks, infrequent stimuli evoke the MMN, unexpected or 
non-target stimuli evoke the P3a -with amplitude enhanced by the 
stimulus’s salience-, and expected or target stimuli elicit the P3b, indi
cating attentional and executive processes (Carrasco, 2011; Desimone 
and Duncan, 1995; Friedman et al., 2001; Näätänen et al., 2007; Polich, 
2007). In the context of neutral stimuli, studies have consistently shown 
bottom-up and top-down deficits signed by reduced P3a and P3b in 
Users of stimulants (Iwanami et al., 1998) and other drugs (Harper et al., 
2021; Houston and Schlienz, 2018; Jurado-Barba et al., 2020; Maurage 
et al., 2007). When Users perform similarly to controls on cognitive 
tasks, they exhibit higher ERP amplitude, suggesting neural compensa
tory mechanisms (Campanella, 2021; Crego et al., 2012; Houston and 
Schlienz, 2018). Considering that factors such as drug-use level and drug 
type can impact the P3a and P3b (Polich and Criado, 2006), alongside 
the different cognitive profiles associated with SCD and ICD (de la 
Fuente et al., 2021), it is possible that these ERPs also vary according to 
the drug administration routes. 

As attentional-executive deficits serve as a distinguishing factor be
tween SCD and ICD, we aim to provide more clarity regarding the 
particular differences in the attentional process –encompassing both 
bottom-up and top-down aspects– that may arise due to variations in 
administration routes. For that reason, we conducted an analysis of 
attentional ERPs and hypothesized that SCD would exhibit reduced P3a/ 
bottom-up processes, while both SCD and ICD would show reduced P3b/ 
top-down processes. The impact of different cocaine administration 
routes on these attentional ERPs remains unclear, as most studies have 
not accounted for this relevant variable (Anderson et al., 2011; Cam
panella et al., 2019; Habelt et al., 2020; Wakim et al., 2021). Given the 
clinical relevance of these attentional ERPs in the context of substance 
use (Anderson et al., 2011; Biggins et al., 1997; Euser et al., 2012) and 
the distinct cognitive profiles associated with the route of administra
tion, this study examines the differences in the P3a and P3b potential 
between SCD and ICD, and their relationship with neuropsychological 
performance in attentional tasks. 

2. Materials and methods 

2.1. Participants 

The study included 72 subjects, 25 SCD, 22 ICD, and 25 controls 
(CTR) matched based on demographic variables (Table 1). Users ful
filled the DSM-IV criteria for and were classified into groups based on 
the drug that motivated their hospitalization and expert consensus of 
three addiction psychiatrists (Online Resources 1). Users were addi
tionally matched by poly-consumption profile (Online Resources 1, 

Tables 1 and 2), ensuring they only differ in their preferred route of 
cocaine administration (p <.05). Controls were volunteers without a 
history of drug Dependence. Participants had no major psychiatric or 
neurological disorders or a high incidence of familial psychopathology 
(Online Resources 1, Table 3). Participants taking psychiatric medica
tion were included only if the prescribed doses were below measurable 
at EEG (Macoveanu, 2014) (Online Resources 1, Table 4). All partici
pants provided written informed consent. The study was approved by 
Favaloro University ethics committee (N◦ 609/16, record 554). 

2.2. Attentional cognitive tasks 

Participants completed typical clinical attentional-executive tasks. 
To index bottom-up processes, we administered tasks focused on the 
basic aspects of the attentional domain, such as Trail Making Test (TMT) 
- A (Reitan and Wolfson, 1993), Trail 1 and Distractor List of the Rey- 
Auditory Verbal Learning Test (RAVLT) (Rey, 1941), Forward Digit span 
(Weschler, 1999), and Forward Corsi block-tapping test (Corsi, 1972). 
To index top-down processes, tasks tagging both attentional and exec
utive function domains were included, such as Backwards Digit span 
(Weschler, 1999), Backwards Corsi block-tapping test (Corsi, 1972), 
Symbol-Digit Modality (Smith, 1973), TMT-B (Reitan and Wolfson, 
1993), Letter and Number Sequencing Test (LNST) (Weschler, 1999), 
and Stroop test (Stroop, 1935). A detailed description of the tests and 
scoring can be found in the Online Resources 2. 

2.3. Online attentional task during EEG 

We used an adapted version (Gonzalez-Gadea et al., 2015) of the 
Global Local Task (Bekinschtein et al., 2009). This auditory oddball 
paradigm consists of sequences of 5 tones. The structure of the sequence 
determined the local level: local standard if 5 tones were equal, local 
deviant if the 5th tone was different –eliciting the MMN and 
P3a/bottom-up processes. This sequences repeated in blocks deter
mining the global level: one sequence (either local standard or local 
deviant) presented 71.5 % of the time –stablishing a regularity and 
constituting a global standard trial-, and the opposite occurred 14.25 % 
-violating the regularity and constituting a global deviant trial. The 
remaining 14.25 % were interaural global standard, which was not 
analyzed in this study. Participants were instructed to pay attention and 
report the number of global deviations, which elicit the P3b. Detailed 
explanation in Online Resources 3.1. 

Table 1 
Demography.   

CTR 
(N ¼ 25) 

SCD 
(N ¼ 25) 

ICD 
(N ¼ 22) 

Statistics 

Age* 19.60 
(2.62) 

20.04 
(2.28) 

20.64 
(2.96) 

F(2, 72) = 0.91, 
p =.40 

Education* 9.47 (1.94) 8.76 (1.83) 9.45 (1.56) F(2, 72) = 2.03, 
p =.14 

Biological sex (M: 
F) 

22:3 23:2 21:1 X2 = 0.88, p 
=.64 

Handedness (R:L) 25:0 24:1 22:0 X2 = 1.91, p 
=.38 

ESOMAR (a:b:ca: 
cb:d:e)†

0:0:1:1:15:7 0:1:1:3:9:6 0:1:5:4:6:1 X2 = 15.46, p 
=.05 

NB (URB:SBN: 
Street)††

11:13:0 5: 11:1 13: 5:0 X2 = 8.45, p 
=.08  

† The European Society for Opinion and Marketing Research (ESOMAR) for socio-economical capacity 

categories are very-high (a), high (b), middle-high (ca), middle (cb), middle-low (d), and low (e). 
†† unsatisfied basic needs (UBN), satisfied basic needs (SBN), or living in the street. CTR: Control; SCD: 

Smoked cocaine-dependent; ICD: cocaine hydrochloride-dependent. 

* Values are expressed as mean (standard deviation). 
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2.4. High-density EEG data collection and preprocessing 

Biosemi Active-two 128-channel system were used to record hd-EEG 
signals. Preprocessing was performed in Matlab (version 2014a, 
EEGLAB Toolbox), including resampling (256 Hz), band pass filtering 
(0.5–25 Hz), re-referencing (average), and interpolation (spherical 
method). EEG epochs were baseline corrected and noisy epochs were 
rejected using an automated procedure (Zich et al., 2015) and confirmed 
by visual inspection. We eliminated ocular artifacts using independent 
component analysis and generated grand-averages for each group by 
condition. For a detailed explanation refer to Online Resources 3.2. 

2.5. Statistical analysis 

2.5.1. Attentional cognitive tasks 
To compare performance in individual cognitive tests and factor 

scores between groups we used non-parametric Kruskal-Wallis tests with 
Wilcoxon-Mann-Whitney tests for post hoc comparisons, corrected by 
False Discovery Rate (FDR) with a significance level given by p-FDR 
corrected <.05. Further analysis was restricted to cognitive test with 
significant differences between Users and CTR. We aimed to compress 
information from multiple cognitive tasks into two factors, reflecting 
bottom-up and top-down processes. We first performed a “theoretical 
expectation” analyzing how we would expect them to separate into these 
two factors. Next, we conducted a modularity analysis to confirm if two 
factors were the best fit within the modular structure (Online Resources 
2.1). The theoretical expectation and modularity analysis were 

Fig. 1. Behavioral performance: A. Comparison of the performance of each group across neuropsychological tasks. The performance of the SCD (red) and ICD 
(yellow) groups is compared to the reference values for the CTR group (green). Statistical significance was determined using Kruskal-Wallis tests between groups. B. 
Graphs of task performance similarity, colored by domain (top), community structure (mid) and factorial analysis (bottom). In each of these graphs, the nodes 
represent a single task and the edges connecting them represent the correlation between the associated performances (i.e. the closer the nodes, the higher the 
correlation). C. Factor analysis of neuropsychological measures. The 2 factors (Bottom-up, Top-down) are named based on their factor load in individual tasks within 
both domains. * indicate significant differences (p-FDR corrected <0.05). RAVLT: Rey Auditory Verbal Learning Test; TMT-A: Trail Making Test A; TMT-B: Trail 
Making Test B; LNST: Letter- Number Sequencing Test; CTR: Control, N = 25; SCD: Smoked cocaine dependent, N = 25; ICD: insufflated cocaine dependent, N = 22. 
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convergent (see Results 3.1) so we performed a pre-defined two-factor 
exploratory factorial analysis based on Varimax rotation (Wassing et al., 
2016) to obtain individual scores for two main factors using loading 
projection of original variables. Lastly, we constructed three graphs 
(Fig. 1B) maintaining the network structure but color-coded based on 
the theoretical expectations, modularity structure, and factorial anal
ysis. Each cognitive task was a node connected by Spearman correlations 
(detailed explanation in Online Resources 2.1). 

2.5.2. ERP analysis 
ERP response between groups was compared using a point-by-point 

Monte Carlo permutation test with a minimum cluster extension of five 
consecutive points (de la Fuente et al., 2019; García-Cordero et al., 
2016). MMN and P3a were analyzed from local deviant conditions 
(100–200 ms and 200–400 ms), and P3b in global deviant conditions 
(200–500 ms for ERP, 300–400 ms for maximum amplitude) 
(Bekinschtein et al., 2009; Gonzalez-Gadea et al., 2015). Expanding on 
our earlier findings, which identified a frontal correlate through struc
tural and functional MRI with attentional-executive deficits (de la 
Fuente et al., 2021), we analyzed the ERP in a frontal region (Heldmann 
et al., 2019) of interest encompassing four electrodes (C25-C21-C12-C22 
or Fz). Scalp topographies were calculated at the time point of maximal 
amplitude between each group of Users and CTR. The area over the 
curve (AOC) for P3a and P3b were used as representative measures of 
ERP amplitude (see Online Resources 4.1). Correlation analysis between 
ERP and cognitive data was performed by the Spearman correlation in R 
(version 4.1.2). Finally, for a comprehensive analysis involving all 
electrodes from the hd-EEG, we conducted a decoding analysis (King 
et al., 2014; King and Dehaene, 2014), using the publicly available 
MNE-Python script (https://mne.tools/stable/auto_tutorials/machine 
-learning/50_decoding.html). We employed a Logistic Regression 
model for binary classification. Decoder’s performance was assessed 
using the AUC, with 50 % indicating random chance and a higher AUC 
reflecting improved predictive accuracy. 

3. Results 

3.1. Attentional cognitive tasks 

SCD showed decreased performance with respect to CTR in Digits 
Forward, Corsi Forward, TMT-A, TMT-B, Symbol Digit, LSNT, and Trail 
1 of RAVLT (p <.05, Fig. 1A). Also, SCD presented a reduced perfor
mance when compared to ICD in Digits Forwards and TMT-A (p <.05, 
Fig. 1A), while ICD did not differ significantly to CTR in any attentional 
test. See Online Resources Table 5 and de la Fuente et al., (2021) for 
further detail of the performance across multiple domains. 

The theoretical expectations (Fig. 1B, top) and modularity analysis 
(Fig. 1B, mid) were consistent. The graph showed an optimal modularity 
of 0.006, with 2 modules accounting for 31 % and 18 % of all tasks. We 
subsequently conducted a factorial analysis (Table 2), which similarly 

reflected bottom-up and top-down processes. 
Finally, when comparing the performance of groups in the behav

ioral factors (Fig. 1C, further detail in Online Resources Table 6), we 
found that SCD performed poorer than both CTR and ICD in both factors 
(Bottom-up: H(2, 72) = 7.97, p =.01, SCD vs. CTR p =.02, SCD vs. ICD p 
=.03; Top-down: H(2, 72) = 17.96, p <.001, SCD vs. CTR p <.001, SCD vs. 
ICD p =.03). Although ICD did not differ from CTR, there is a tendency 
toward a decreased performance in the top-down factor than in the 
bottom-up (Bottom-up ICD vs. CTR p =.77; Top-down ICD vs. CTR p 
=.06). 

3.2. Attentional ERP analysis 

The Local-Global Task is illustrated in Fig. 2A. All groups elicit the 
attentional ERPs with a predominantly central topography (Online Re
sources, Fig. S1). There were no measurable differences the amount of 
ERP trials for each condition (p >.05, Online Resources, Table 7) or 
baseline conditions between the groups (Online Resources, Fig. S2). 
Both groups of Users exhibited a reduced amplitude of the P3a (Fig. 2B, 
left) and P3b (Fig. 2B, right) when compared to CTR (5000 permuta
tions, p <.05), while there were no significant differences in the MMN (p 
>.05). For the P3a response, the cluster of significant differences be
tween SCD and CTR (t = 301.6–399.2 ms) was 2.78 times longer 
(62.5 ms) than that of ICD and CTR (t = 313.3–348.4 ms), with no dif
ferences in latency (H (2, 72) = 1.07, p =.58). Similarly, for the P3b 
response, the cluster of significant differences between ICD and CTR (t =
317.2–340.6 & 356.3 – 399.2 ms) was 1.7 times longer (27.2 ms) than 
that of SCD and CTR (t = 352.3–391.4 ms), with no differences in la
tency (H (72, 2) = 0.05, p =.97). These differences were larger at frontal 
sites (Fig. 2B). 

Notably, for the P3a, CTR and SCD classification achieved higher and 
extended in time accuracy than CTR and ICD. For the P3b, classification 
between CTR and ICD exhibited superior accuracy compared to CTR and 
SDC. These results indicate that the differences in the P3a were more 
prolonged in time for SCD, while in the P3b for ICD (Fig. 2B). 

We found a significant association between the AOC of P3a and P3b 
(r =.33, p =.005) across samples that remain significant and stronger per 
groups only for CTRs (r =.47, p =.01; SCD: r =.01, p =.9; ICD: r =.02, p 
=.37), as observed in Fig. 2B (mid). Lastly, the ERPs were associated 
with the behavioral factors as expected (Fig. 2C): while the P3a was 
significantly associated with the bottom-up factor (r =.27, p =.02), the 
P3b was significantly associated with the top-down factor (r =.23, p 
=.05). There were no significant associations in the remaining two 
combinations (P3a with top-down factor, and P3b with bottom-up fac
tor). Additional analysis per group is available in Online Resources 
4.2.4. 

4. Discussion 

Although previous studies have identified deficits in bottom-up/P3a 
and top-down/P3b among cocaine Users, no study has explored the 
impact of the route of administration (Anderson et al., 2011; Bauer, 
1997; Biggins et al., 1997; Gooding et al., 2008; Habelt et al., 2020; 
Houston and Schlienz, 2018; Wakim et al., 2021). Our study presents 
unprecedented evidence revealing differences in attentional ERPs based 
on the routes of administration. Our findings align with prior research 
indicating larger attentional deficits in SCD compared to CTR and ICD 
(de la Fuente et al., 2021; Oliveira et al., 2018), both at the neuro
physiological and neuropsychological levels. Specifically, we observed 
pronounced impairments in the P3a component for SCD, along with 
greater attentional deficits in cognitive tasks. Moreover, we found more 
extensive differences in the P3b component for ICD. These results may 
contribute to the development of interventions targeted at specific 
attentional processes as well as a better understanding of the underlying 
mechanism of these deficits. 

Regarding attentional neurocognitive performance, SCD displayed 

Table 2 
Factorial analysis.  

NPS Variable F1: Bottom-up F2: Top-down 

Digit forward 0.68 0.34 
Trail 1 (RAVLT) 0.40  
TMT A*  0.54 
TMT B*  0.43 
Corsi forward  0.55 
LNST 0.31 0.54 
Symbol-Digit  0.31 
Cumulative variance explained 31 % 18 % 
Hypothesis test for 2 Factors: Chi-square (8) = 1.76, p = 0.98 

TMT A = Trail Making A; TMT B = Trail Making B; LNST = Letter-Number 
Sequencing Test; RAVLT = Rey- Auditory Verbal Learning Test. 

* Variables inverted before factor analysis. 

A. Aragón-Daud et al.                                                                                                                                                                                                                         

https://mne.tools/stable/auto_tutorials/machine-learning/50_decoding.html
https://mne.tools/stable/auto_tutorials/machine-learning/50_decoding.html


Drug and Alcohol Dependence 259 (2024) 111288

5

Fig. 2. ERP analysis. A. Global-Local Task. Auditory stimuli consisted of 5 tones type A (black) or B (pink) presented in 2 blocks. B. ERPs response, P3a and MMN 
(left) and P3b (right) in the ROI. All differences reported were calculated via a point-by-point Monte Carlo permutation analysis (5000 permutations, p <.05). 
Shadowed lines indicate SEM. The gray box indicates the area of analysis. Black lines indicate the cluster of significant differences and the circles and asterisk indicate 
the groups differing. The scatterplot in the middle shows the association between P3a and P3b AOC by group. Scalp topographies show the difference between each 
Users group and CTR at the ERP peak of amplitude time point. Matrices show the AUC of temporal decoding performance for each dyad comparison (left column for 
the P3a and right column for the P3b). C. Scatterplots show the correlation between both factors (Bottom-up and Top-down) and ERP measures (AOC of P3a and AOC 
of P3b). ld: local deviant; ls: local standard; gd: global deviant; gs: global standard; Int: interaural; AOC: area over the curve; CTR: Control, N = 25; SCD: Smoked 
cocaine dependent, N = 25; ICD: insufflated cocaine dependent, N = 22.  
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reduced values compared to CTR and ICD (see Table S5). The alignment 
between the theoretical expectations, modularity, and factorial analysis 
was notably high, particularly given that these attentional-executive 
tasks were not built under the bottom-up/top-down framework (for 
more detailed information, please refer to Online Resources 5.1). Spe
cifically, Corsi Forward, TMT-A exhibited higher load on the top-down 
factor. This outcome is reasonable considering that cognitive tasks 
inherently involve varying degrees of executive functions, memory, and 
other cognitive domains (Goldstein et al., 2004), making it challenging 
to separate them into distinct factors. Particularly, Corsi Forward and 
TMT-A involve various complex cognitive functions, including visuo
spatial skills (Corsi, 1972; Reitan and Wolfson, 1993). 

SCD exhibited reduced performance in both bottom-up and top- 
down processes compared to CTR and ICD. This finding aligns with 
previous studies that reported more pronounced attentional impair
ments for faster routes of administration (de la Fuente et al., 2021; 
Oliveira et al., 2018). While ICD did not significantly differ from CTR, 
there was a noticeable trend toward top-down impairment (p =.06), in 
agreement with research indicating impaired memory and executive 
function but not attentional deficits in ICD (de la Fuente et al., 2021; 
Oliveira et al., 2018). Nonetheless, our study shows comparable overall 
cognitive performance between ICD and CTR, contradicting the com
mon association of cocaine consumption with decreased cognitive 
abilities (Romo-Avilés et al., 2015; Rosário et al., 2019; Vallejo-Reyes, 
2019; Vergara-Moragues et al., 2017). This discrepancy may be attrib
uted to methodological issues highlighted in a systematic review, indi
cating a lack of conclusive evidence supporting this relationship due to 
limitations in controlling demographic and polyconsumption variables 
(Frazer et al., 2018). Our study overcame these limitations and further 
examined the route of administration. Moreover, participants were 
adolescent (Grant and Dawson, 1998) who were currently in an absti
nence state (Hirsiger et al., 2019; Vonmoos et al., 2014), which might 
account for the similar cognitive performance. 

4.1. Electrophysiological markers of attention 

At a pre-attentional level, we found no significant differences in 
MMN amplitude between the groups, indicating that early stages of 
auditory processing are preserved in cocaine Users regardless of the 
administration route. In line with previous studies associating decreased 
P3a/P3b amplitude with substance use (Anderson et al., 2011; Biggins 
et al., 1997; Euser et al., 2012), we found lower P3a and P3b responses 
in both groups of Users, with more pronounced differences in frontal 
areas for both ERPs. The fact that these differences were maximized at 
frontal sites is consistent with previous research showing the functional 
connectivity of inferior frontal areas and the caudate are correlated with 
attentional-executive deficits, particularly for SCD (de la Fuente et al., 
2021). Our findings suggest that these alterations are common across 
different routes of administration, and they could either be associated 
with drug use (Hirsiger et al., 2019; Vonmoos et al., 2014) or show a 
vulnerability towards consumption (Harper et al., 2021; 
Tervo-Clemmens et al., 2018). 

Regarding bottom-up attentional processing, SCD exhibited larger 
differences in the P3a and the decoding analysis showed SCD were 
distinguishable from CTR even after the P3a waveform, consistent with 
research at neurochemical, connectivity and cognitive levels. First, P3a 
relies on tonic dopamine levels (Heitland et al., 2013; Kähkönen et al., 
2002; Rangel-Gomez et al., 2013), critical for attentional capture (Cor
betta et al., 2008). SC has a strong impact on the reward system, leading 
to an increase in phasic dopamine in the short term and a decrease in 
tonic dopamine in the long term (Nieoullon, 2002; Samaha et al., 2004; 
Samaha and Robinson, 2005). Consequently, the greater attentional 
impairment in SCD is aligned with the pharmacokinetics of SC, which is 
characterized by rapid absorption, a strong effect and increased addic
tive behavior (Samaha et al., 2004; Samaha and Robinson, 2005). Sec
ond, the frontal regions involved in the P3a/bottom-up (Fjell et al., 

2005; Friedman et al., 2001; Polich, 2007) exhibit disrupted connec
tivity in SCD (de la Fuente et al., 2021; Oliveira et al., 2018; Rosário 
et al., 2019). Altogether, these findings suggest that local processes 
related to attentional capture are more compromised in faster routes of 
administration. The fact that SCD-CTR differences extend for a longer 
period and extend toward the right, could be reflecting larger attentional 
deficits that extend in the cognitive continuum towards higher-order 
cognitive functions rather than perception (MMN). Even though ICD 
also presented lower P3a amplitude compared to CTR, these differences 
maintained for a shorter time window than those for SCD, pointing to
wards impaired cognitive processing in SCD encoded in waveforms 
(Botezatu et al., 2021; Brannon et al., 2008; Sabourin and Stowe, 2004; 
Togoli et al., 2022)-, and were not present at bottom-up cognitive level. 
Attentional deficits are a distinct signature of SCD (de la Fuente et al., 
2021), and the lack of cognitive differences accompanying lower P3a 
amplitude in ICD may be due to the partial reversibility of drug-related 
cognitive deficits after abstinence (Hirsiger et al., 2019; Vonmoos et al., 
2014) and the plasticity of adolescent brain (Grant and Dawson, 1998). 

Regarding top-down processing, ICD exhibited more prolonged dif
ferences in the P3b, consistent with research at anatomical and cognitive 
levels. P3b is linked to memory processing in parietal regions (Polich, 
2007) and ICD exhibit lower gray matter density over parietal areas 
compared to SCD and executive and memory impairments (de la Fuente 
et al., 2021). P3b differences were larger at the frontal site and extended 
towards central areas. While we focused on the differences in scalp to
pographies rather in the topography itself, it is true that the P3b tradi
tionally exhibits a parietal topography. However, several studies have 
examined the P3b within a frontal ROI (Avancini et al., 2022; Li et al., 
2015; Smith et al., 1990; Wood and McCarthy, 1985). Other studies have 
also documented the involvement of frontal lobes in P3b (Bachman and 
Bernat, 2018; Chennu et al., 2013; Friedman et al., 2001; Linden, 2005; 
Polich, 2007; Volpe et al., 2007) and variations in P3b topography 
(Avancini et al., 2022; Conroy and Polich, 2007; Fjell et al., 2005; 
Spyrou et al., 2006). Notably, a frontal shift in P3b topography is linked 
to changes in frontal cortical volumes (Fjell et al., 2005), which has been 
evidenced for this Users sample in a previous study (de la Fuente et al., 
2021, 2019). Taken together, these findings suggest slower routes of 
administration primarily affect sustaining attention, which in turn may 
explain previous contradictory findings (Campanella et al., 2019; 
Houston and Schlienz, 2018). Along with the non-significant differences 
in top-down performance with CTR, these results point toward a reduced 
affectation for slower routes compared to faster routes, consistent with 
previous research (Allain et al., 2015; Castaño, 2000; de la Fuente et al., 
2021; Meyer and Quenzer, 2019; Minogianis et al., 2013; Oliveira et al., 
2018; Samaha and Robinson, 2005). Considering the convergence of 
cognition and ERP data, these distinct results for SC and IC highlight the 
significance of exploring the administration route. Furthermore, the 
shared physiology underlying attentional P3a and P3b warrants further 
examination, particularly in terms of their theoretical underpinnings for 
both top-down and bottom-up processes. 

Finally, the association between P3a and P3b amplitude was 
observed in CTR but not in Users, regardless of the route of adminis
tration. Clinically, the absence of this association in Users is consistent 
with previous literature (Ma et al., 2014; Moeller et al., 2010; Orsini 
et al., 2018; Tomasi et al., 2007; Zhai et al., 2022) and their lower ERPs 
response and cognitive performance. This may be attributed to alter
ations in the prefrontal and parietal cortex among cocaine Users (Ma 
et al., 2014; Moeller et al., 2010; Orsini et al., 2018; Tomasi et al., 2007; 
Zhai et al., 2022), which play a crucial role in bottom-up and top-down 
processes (Buschman and Miller, 2007; Katsuki and Constantinidis, 
2014; Li et al., 2013; Posner and Petersen, 1990; Yamaguchi et al., 
2000). Theoretical implication of this finding are detailed in Online 
Resources 5.1. 

Although our cross-sectional study cannot identify vulnerability or 
drug-derived impairment, these results might contribute to improving 
the treatment strategies. Considering addiction treatment’s generally 
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limited long-term efficacy (Agoos, 2017) and the high adolescent relapse 
rates (Cornelius et al., 2003), understanding the neurobiological factors 
in Users becomes crucial for innovative therapies (Feltenstein et al., 
2021). Our findings linking fast cocaine administration to bottom-up 
deficits could inform tailored treatment strategies. For example, SCD 
may benefit from targeted neuropsychological rehabilitation for core 
attentional processes. Additionally, these cognitive symptoms must be 
considered in the broader clinical context (Ersche and Sahakian, 2007; 
Vergara-Moragues et al., 2017), potentially prompting adjustments in 
treatment session structures (further detailed in Online Resources 5.2). 
Moreover, considering prior research suggesting drug-related neuro
cognitive changes can partially reverse during abstinence (Hirsiger 
et al., 2019; Vonmoos et al., 2014), the observed ERP changes could 
serve to monitor treatment progress. 

4.2. Limitations and further directions 

The first limitation to this study is that the sample size was rather 
small, but we addressed this by controlling for demographic, clinical, 
and poly-consumption variables (Online Resources 1), which were not 
adequately controlled for in previous research. Consequently, the Users 
differed only in the route of administration (SC or IC), a relevant factor 
that is frequently overlooked in the literature (Frazer et al., 2018; 
Goldstein et al., 2004; Gooding et al., 2008; Lopes et al., 2017; Potvin 
et al., 2014; Vicario et al., 2020; Vonmoos et al., 2013; Wakim et al., 
2021). Second, we had a larger proportion of male participants, 
although this reflects that the sample was drawn from a real-world 
clinical population as drug Dependence incidence is higher among 
males (Ángeles, 2013). Third, using ERPs has limitations due to their 
high variability, and lack of spatial resolution, and, while P3a and P3b 
are expected to index different processes (Conroy and Polich, 2007; 
Gooding et al., 2008; Hsieh et al., 2021), both of them refer to instances 
of attention and thus overlap temporally and spatially (Heldmann et al., 
2019), making them not separable. The basic question regarding the 
convergence of bottom-up - P3a and Top-down - P3b exceeds our current 
scope, but even while is supported by our results it must be further 
analyzed. However, this distinction is supported by the convergence of 
behavioral and neuropsychological data. 

Fourth, the cognitive tasks used were not specifically designed to 
measure bottom-up and top-down processes, although some have been 
previously used for this purpose (Araneda et al., 2015; Gevers et al., 
2015; Schneider et al., 2014). Future studies could employ tasks 
designed for these processes (e.g., Posner, 1980) as well as explore in 
depth how the P3a and P3b separation can be maximized. Lastly, our 
study is cross-sectional, highlighting the need for future longitudinal 
studies to explore the relationship between neurocognitive deficits and 
cocaine intake. 

5. Conclusions 

Our results cast a new light on decreased attentional ERP response 
based on the route of cocaine administration, finding subtle yet signif
icant differences. SCD showed greater attentional impairment, mainly at 
bottom-up/P3a processes, while ICD showed a trend towards top-down/ 
P3b deficits. This indicates that faster routes of administration are 
associated with larger attentional capture deficits, while slower routes 
are linked to difficulties in sustaining attention. Longitudinal research 
studies suggest a bidirectional relationship between attention deficits 
and substance use (Harper et al., 2021; Hirsiger et al., 2019; 
Tervo-Clemmens et al., 2018; Vonmoos et al., 2014) and our findings 
suggest that the route of administration may play a key role in deter
mining the severity of these deficits. These findings highlight the 
importance of considering the route of administration of stimulant drugs 
in both clinical and research settings. The route of cocaine administra
tion is linked to distinct neurocognitive profiles, and our study yields 
translational results that align neurophysiological and 

neuropsychological levels. Furthermore, our findings strengthen the 
validity of utilizing attentional ERPs as reliable measures for assessing 
attentional deficits in the context of substance Dependence. 
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