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Abstract 

 

Introduction: Atomoxetine, a selective inhibitor of norepinephrine transporter, is one of the 

most commonly used drugs after stimulants in the treatment of attention deficit and 

hyperactivity disorder (ADHD). It has a slow onset of action and considerable interindividual 

variability in clinical response. The objective of this review was to investigate promising 

biomarkers associated with response to atomoxetine in children and adolescents with ADHD, 

which could be used to predict responses to treatment and enhance personalized medicine. 

Material and Methods: A search was conducted on Pubmed and Web of Science. 

Manuscripts published up to December 2022 and having neurophysiological, neuroimaging, 

and genetic markers predictors of response to atomoxetine in children and adolescents as 

their main topic were reviewed.   

Results: A total of thirteen articles were included in this review. Promising findings on the 

topic of this article include neurophysiological markers, such as pretreatment greater P3 

amplitudes and lower N2 amplitudes during auditory tasks and a greater decrease in 

temporoparietal theta cordance at one week of treatment, neuroimaging evaluation of 

pretreatment caudate activation and genetic markers involving the NET/SLC6A2, CYP2C19, 

and DHB genes. 

Discussion and Conclusion: The results of this review suggest that there are promising 

biological markers in predicting response to treatment with atomoxetine in children and 

adolescents with ADHD. However, these findings are still very preliminary. Further studies 

are needed to confirm the findings and allow translation into clinical settings. 

Keywords: ADHD, Atomoxetine, response predictors, biomarkers, treatment outcome 
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Introduction 

Attention deficit and hyperactivity disorder (ADHD) is a neurodevelopment disorder 

characterized by symptoms of inattention, hyperactivity and impulsivity, which are present at 

age-inappropriate levels (1). It is a highly prevalent condition with onset in childhood and 

affects about 5% of children and adolescents worldwide (2). 

  

ADHD is associated with poor academic performance and a wide range of mental 

health problems, such as emotional problems, low self-esteem, self-harm, disruptive 

behaviors and substance abuse, and thus dramatically impacts the patient's quality of life (3). 

Therefore, early identification and intervention of this condition are critical. 

 

Although the etiology of ADHD is complex and not yet fully understood, 

neurobiological and pharmacological evidence indicates that neurotransmission 

dysregulation and insufficient production of catecholamines are involved in the development 

of the main symptoms, and empirical evidence has consistently shown that noradrenergic 

and/or dopaminergic pharmacological treatment results in improvement of these symptoms 

(4-5).  

 

The first-line drug therapies currently approved for treating this disorder are 

stimulants, such as methylphenidate (MPH) and amphetamines. However, some patients 

with ADHD do not respond well to stimulants (10%-30%), highlighting the need to explore 

other treatment options, such as non-stimulant drugs (6). 

 

Atomoxetine (ATX) was the first non-stimulant approved for the treatment of ADHD 

(7-9). It is a highly selective inhibitor of norepinephrine (NE) reuptake that exerts its 

therapeutic effect by changing NE concentration in synapses. It typically takes up to four 

weeks or more to reach clinical effect (10). 

 

Comparative studies on MPH and ATX showed that treatment with atomoxetine for 

six weeks significantly improved symptoms of non-responders to MPH (11-12).  
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Given that psychostimulants, even though highly effective in controlling symptoms of 

ADHD, are not a viable treatment option in a proportion of children with ADHD for a variety of 

reasons (e.g., tolerability or comorbidity) and are ineffective in some patients, ATX, the most 

widely used non-stimulant, is a suitable alternate agent in the treatment of pediatric ADHD.   

 

 

Although many children respond well to stimulants or ATX, approximately one-third of 

patients respond preferentially to either MPH or ATX (13). This suggests distinct underlying 

characteristics predisposing children to respond preferentially to ATX (14). 

 

There is considerable interindividual variability in response to ATX, and almost 40% 

of children and adolescents with ADHD derive little benefit from treatment with it (13). Since 

ATX has a relatively low response rate and can take up to several weeks to demonstrate the 

full clinical effect, developing early predictors of response to treatment to identify patients 

who will benefit from this treatment would be highly beneficial. 

  

However, although atomoxetine has several characteristics that make it an appealing 

alternative to stimulants, there are currently no clinical or biological markers used to support 

clinical decisions and select individuals who would benefit from this medication as a first-line 

option. Current medications used in ADHD treatment are prescribed through a trial and error 

process and gradual titration to optimal dosage, with no biologically based quantitative 

guidance.  

   

Despite the slow progress, there have been efforts to determine biomarkers to predict 

how an individual will respond to treatment. The goal of the present article is to give an 

updated review of the available literature, including promising predictive biomarkers of ATX 

response in ADHD youth, in order to help progress toward clinical translation and 

enhancement of personalized medicine.  

 

 

 



4 
 

Materials and methods 
 

This review was performed according to the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines (15).  

 

 The studies selected were identified through a computer-based search conducted in 

two databases: PUBMED and Web of Science. The search was performed in all fields, using 

the following keywords: "Atomoxetine AND (ADHD OR attention OR hyperactivity) AND 

(predict* OR respon*) AND (child* or adolescents)". Searches were restricted by language 

(English and Portuguese). The databases were last searched on 17 December 2022. 

  

Firstly, an initial literature search was performed to identify articles that potentially met 

inclusion criteria, and studies were selected according to the pertinence of the title and 

information in the abstract. Then, after a complete reading of the methods and results, a 

second selection was conducted. References in all relevant studies were screened for other 

studies that were not retrieved during the initial searches. 

  

Inclusion and exclusion criteria  

The inclusion criteria used to select relevant studies consisted of the following:  

(1) Age of patients ≤ 18 years old 

(2) Diagnosis of ADHD 

(3) Association between a specific parameter and ATX treatment response as the main 

topic 

(4) Definition of treatment response using widely accepted criteria in literature  

(5) English or Portuguese language 

 

The exclusion criteria were: 

(1) Age of patients ≥ 18 years old 

(2) Reviews, meta-analyses, case reports, case studies, commentaries 

(3) Animal studies 

(4) Single-dose pharmacokinetic studies  
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The search strategy, including inclusion and exclusion criteria followed PRISMA guidelines. 

(Fig. 1) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 

 

 

Fig 1. Flow diagram of the selection process of studies included in this review, following PRISMA 2020 
guidelines 

 

  

The search provided a total of 796 results. Among these, 360 were removed as 

duplicates. Then, manuscripts were screened and assessed for eligibility, and in total 244 

articles were excluded because they concerned a different topic, 29 were excluded because 
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were excluded because they didn't include evaluation of biological markers (e.g studies 

evaluating clinical factors) and/or lacked association of a specific parameter with treatment 

response. Finally, 13 articles were included as they satisfied the inclusion criteria. (Fig. 1) 

 

After the selection process, the following relevant data was checked and extracted 

from the articles: author and title, year of publication, study design, sample size, presence of 

control group, characteristics of patients (age, gender and drug free/ naive status), primary 

and secondary outcomes, duration of treatment, criteria used to define the treatment 

response, type of marker and pre and post-treatment values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

3. Results 

3.1 Neurophysiological and neuroimaging markers 

  

Table 1. Summary of studies about neurophysiological and neuroimaing markers of ATX treatment 

response in children with ADHD 

Author, 
year 

(referenc
e) 

Design N ADHD N 
controls Age Sex (% 

male) 

Duration 
of 

treatment 

Candidate 
biomarker 

Results/ key 
findings 

Sangal & 
Sangal, 

2005  (16) 

Open 
label 

17 (all 
medication 

naive or 
medication 
free for > 5 
times half-

lives) 

0 

 

71% 10 weeks 

Auditory P3 
amplitude 

during 
visual and 

oddball 
tasks 

 
Greater 

pretreatment P3 
amplitude across 

regions in 
responders to 

ATX, compared to 
non-responders. 
PPV= 0,88 and 

NPV= 0,67 
 

Sangal & 
Sangal, 

2006 (17) 

ATX vs 
MPH, 

crossover 
RCT 

58 (all 
medication 
free for >1 

month) 

0 

 

Mean ± 
SD= 

10,5 ± 
2,1 

 

72% 4 weeks 

Auditory P3 
amplitude 

during 
visual and 

oddball 
tasks 

Greater 
pretreatment P3 
across regions in 

responders, 
compared to non-

responders. 

Chiarenza 
et al, 2014 

(18) 

Open 
label 

61 (all 
medication 
free for >5 
times half-

lives) 

not 
reported 

(reference 
data base) 

Mean ± 
SD= 

10,4 ± 
2,9 

85% 12 months 

Absolute 
power 
across 

frequency 
bands 

 
Higher 

pretreatment 
frontal and fronto-
temporal delta and 

theta power in 
responders to 

ATX, compared to 
non-responders. 

Greater 
pretreatment 

absolute power in 
all frequency 

bands, particularly 
frontal and central, 
in non-responders 

compared to 
controls 

 

Chen et al, 
2014 (19) 

Open 
label 108 0 range= 

7-12 66% 4 weeks 

TMS-
evoked 
short 

interval 
cortical 

inhibition 

At 4 weeks of 
treatment, SICI 
was significantly 

reduced in 
responders to ATX 
compared to non-

responders. 

Mean ± 
SD = 
10,9 ± 
3 
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Griffiths et 
al, 2019 

(20) 

 
Double-

blind, 
placebo-

controlled, 
crossover 

RCT 
 

52 (all 
medication 

free) 
52 

Mean ± 
SD= 

11,9 ± 
2,5 

83% 6 weeks 

N2 
amplitude 

during 
auditory 

oddball task 

Lower 
pretreatment N2 

amplitudes 
(especially right 
fronto-central) in 

responders to ATX 

Singh et 
al, 2021 

(21) 

Open 
label 

50 (all 
medication 

naive) 
0 range = 

6-14 80% 6 weeks 

Change in 
theta 

cordance 
during rest 

at 1 week of 
treatment 

 
Greater decrease 
in left temporal- 

parietal theta 
credence at 1 

week in 
responders to 

ATX, compared to 
non-responders 

. 

Schulz et 
al, 2017 

(22) 

Randomiz
ed 

crossover 
design, 

pretreatm
ent 

36 0 
Mean ± 
SD= 11 
+-± 2,4 

83% 8 weeks 

Task-related 
brain 

activation, 
during a 
go/no go 

task 

 
Greater 

pretreatment 
caudate activation 

was associated 
with a better 

response to MPH, 
but worse 

response to ATX 
 

 

Legend - ADHD: attention deficit hyperactivity disorder; ATX: atomoxetine; SD: standard deviation; 
NPV: negative predictive value; PPV: positive predictive value; MPH: methylphenidate; RCT: 
randomized controlled trial; TMS: transcranial magnetic stimulation 
SICI: short interval cortical inhibition 
 

 

Chiarenza et al. (18) conducted the first study that attempted to analyze and detect 

objective variables of quantitative electroencephalography (EEG) of children and adolescents 

with ADHD, which could be used to predict treatment response to ATX. In this study, 37 

patients with ADHD, from 7 to 16 years old, received treatment with ATX for 12 months. EEG 

differences between responders and non-responders were examined at baseline and after 6 

and 12 months of long-term treatment with ATX. Responders (classified as subjects with an 

increase of 30% or more in scores of the SNAP-IV ADHD scale) showed increased absolute 

power in alfa and delta in frontal and temporal regions. Non-responders showed increased 

absolute power in all frequency bands that were widely distributed. Throughout the 

treatment, the responder's absolute power values moved towards normal values, whereas 

non-responders remained at baseline values. Thus, it was concluded that patients with 

increased power in the alfa band, with no evidence of alterations in the beta or theta range, 

might be responders to treatment. On the other hand, increased power in the beta band and 

increased alfa seem to be related to a lack of response to ATX treatment.  
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Following this study, Singh et al. (21) demonstrated the correlation between early EEG 

changes at one week of treatment with atomoxetine and clinical response after six weeks. 

Fifty children with ADHD completed the study duration of six weeks and were assessed at 

baseline, first, fourth, and sixth weeks of treatment using the Vanderbilt ADHD Parent Rating 

Scale and Vanderbilt ADHD Teachers Rating Scale. EEG was recorded at baseline, before 

starting medication, and after one week of ATX treatment. Afterward, pre and post-treatment 

EEG changes were compared by analyzing cordance values, a measure of regional brain 

activity combining information from absolute and relative power of EEG spectra. Responders 

to ATX after six weeks of treatment had decreased theta cordance values at one week of 

treatment, especially in the left temporoparietal region, contrary to non-responders whose 

values did not decrease significantly. According to these findings, decreased theta cordance 

values measured at one week might predict a likely clinical response to ATX and 

improvement of symptoms after long-term treatment. 

 

Given that auditory cognitive evoked potential (P300) topography had been proven to 

predict robust response to the stimulants pemoline and MPH, Sangal et al. (16) set out to 

assess whether P300 could predict response to non-stimulant ATX. Four variables were 

studied at each of the 31 electrode sites used to record the evoked potentials: auditory 

amplitude, auditory latency, visual amplitude and visual latency. Patients with ADHD and 

ages between 6 and 17 were administered P300 testing. There were no differences in mean 

auditory latency, visual amplitude, or visual latency between robust responders and non-

robust responders. However, robust responders had significantly higher mean auditory P300 

amplitude. So, using a cut-off of 6,8 µV to dichotomize patients, this study determined that 

mean auditory P300 amplitude value > 6,8 µV can predict robust response to ATX treatment. 

 

In a subsequent study, in order to evaluate the use of P300 in predicting treatment 

response in patients with ADHD and to confirm previous reports that 31-electrode mean 

auditory P300 amplitude predicts response to ATX, the same authors collected and analyzed 

the efficacy and P300 data from fifty-eight children enrolled in a double-blind crossover study 

using ATX and MPH (17). This study confirmed the results from the previous one, given that 

pretreatment mean 31-electrode auditory P300 amplitude > 6.8µV predicted a robust 

response to ATX. 
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Chen et al. (19) investigated whether Transcranial Magnetic Stimulation (TMS) could 

identify mechanisms linked to ATX response and if it might distinguish treatment-responsive 

subgroups. This study used a paired-pulse TMS protocol to activate GABAA-mediated 

cortical inhibitory interneurons to measure short-interval cortical inhibition (SICI). It was found 

that children who had a clinical response to ATX decreased TMS-evoked SICI after four 

weeks of treatment, with a mean SICI reduction of 31,9%. On the contrary, non-responders 

did not show a reduction in SICI, having a mean SICI increase of 6,1%. Besides that, the 

percentage of reduction in symptoms correlated with the percentage of reduction in SICI. 

However, baseline SICI did not predict clinical response to ATX. 

  

In another study, Griffiths et al. (20)  examined the cortical activity of children with 

ADHD and compared baseline event-related potentials between responders and non-

responders at six weeks of treatment of ATX. It was found that responders at six weeks had 

significantly baseline lower auditory oddball N2 amplitudes, particularly in the right 

frontocentral region, relative to non-responders and controls. Right frontocentral N2 

amplitude predicted response to atomoxetine (vs. nonresponse) with a sensitivity of 58,8% 

and a specificity of 80,8% in a leave-one-out cross-validation analysis. This suggests that 

baseline right frontal N2 amplitude may be a useful predictor of response to ATX. 

 

Task-based functional neuroimaging 

A study by Schulz et al. (22) focused primarily on finding a predictor of differential 

response, using a crossover design to compare ATX and MPH directly. Thirty-six participants 

underwent scanning with functional Magnetic Resonance Imaging (MRI) at baseline, followed 

by administration of ATX in a randomized order in two treatment blocks of 8 weeks, 

separated by a 2-week placebo wash-out. Participants performed a neuropsychological task 

that was used to measure the ability to inhibit response to rare stimuli ("no-go trials") in the 

context of responding as quickly and accurately as possible to frequent stimuli ("go trials") 

and underwent MRI scanning from which functional T2-weighed images were acquired, 

depicting blood-oxygenation level-dependent (BOLD) signal. The findings of this study 

concluded that enhanced caudate activation might be a candidate biomarker that predicts a 

superior response to MPH over ATX. Furthermore, this study also concluded that the 

magnitude of motor cortex activation at baseline might predict a positive response to 

treatment with ATX. 
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3.1 Genetic markers 

Table 2. Summary of studies about genetic markers of ATX treatment response in children with ADHD 

Author, 
year 

(reference) 
Design N 

ADHD 
N 

controls age 
sex 
(% 

male) 

duration 
of 

treatment 

candidate 
biomarker results/ key findings 

Ramoz et 
al, 2009 

(23) 

Two 
independent 

studies, 
using co-
horts from 

randomized, 
double-blind 
clinical trials 

265 0 

Mean 
± SD= 
10,3 ±  

2,2 

85,3% 6 weeks 118 SNPs in 
SLC6A2 genes 

Genomic region across 
exons 4-9 of SLC6A2 

associated with 
treatment response in 

both co-horts 

Yang et al, 
2012 (24) Open label 111 0 

Mean 
± SD= 
9,6 ± 
2,2 

92% 8-12 
weeks 

12 SNPs in 
SLC6A2, 

ADRA1 and 
ADRA2 genes 

 
rs3785143 and 

rs2279805 in SLC6A2 
were significantly 
associated with 

response to treatment 
 

Fang et al, 
2015 (25) 

Prospective, 
open label 87 0 

Mean 
± SD= 
9,1± 
2,3 

82,8% 8-12 
weeks 

8 SNPs in the 
DBH gene 

rs2519152 was 
significantly associated 
with robust response to 

treatment 
 

Gul et al, 
2022 (26) Open label 100 80 range= 

6-15 66% 2 months 

SNP 
(rs3785143) 
tagging the 

SCL6A2 gene 

 
rs3785143 showed 

significant association 
with ATX response; CC 
homozygotes showed 

superior response 
 

Zhong et al, 
2020 (27) Open label 241 0 

Mean 
±  SD= 
9,2 ± 
2,2 

85% 8/12 
weeks 

ADHD 
polygenic risk 

score 

 
There were no 
genome-wide 

significant associations 
for treatment response. 

PRS for ADHD was 
found to predict a 

favorable response, 
explaining 2% of 

variance. 
 

Demirci et 
al, 2022 

(28) 
Open label 100 100 range= 

7-13 74% 2 months 

CYP2C19 
polymorphisms 

and BDNF 
levels 

 
c.681G>A 

(CYP2C19*2) was 
significantly associated 

with lower ATX 
response. BDNF levels 
had predictive value for 
assessing resistance to 

ATX. 
 

 

Legend - ADHD: attention deficit hyperactivity disorder; ATX: Atomoxetine; BDNF:  brain-derived 
neurotrohpic factor; DBH: dopamine beta hydroxylase; PRS: polygenic risk score; SD: standard 
deviation; SNP: single nucleotide polymorphism 
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Six pharmacogenomic studies have been conducted to investigate the effect of genes 

on treatment with ATX. 

Demirci et al. (28) aimed to evaluate the impact of CYP2C19 polymorphisms, which 

are involved in ATX biotransformation, on treatment response. One hundred healthy controls 

and one hundred children with ADHD were enrolled in this study. Treatment response was 

evaluated two months after the start of treatment. The results showed that c.681G>A 

(CYPC2C19*2) polymorphism had a significant role in treatment response and that carriers 

of this polymorphism, either heterozygous or homozygous, had a poorer response to 

atomoxetine. Furthermore, this study also aimed to assess whether brain-derived 

neurotrophic factor (BDNF) levels were associated with CYPC2C19 polymorphisms and the 

effects of BDNF levels on treatment response. BDNF levels were higher in the treatment-

resistant group compared to ATX responders, and after performing a binary logistic 

regression, it was concluded that higher levels were associated with a decreased likelihood 

of treatment response. 

 

 Gul et al. (26) studied the effect of NE transporter (NET/ SCL6A2), responsible for the 

destruction of NE, and its polymorphisms in response to ATX. Two SNPs of the NET gene, 

rs12708954, and rs3785143, were analyzed by real-time quantitative PCR. In this study, 

genotyping was evaluated as wild-type, homozygous and heterozygous. Individuals who 

were carriers of heterozygous rs3785143 responded better to ATX treatment. Also, 

heterozygous individuals in both polymorphisms and heterozygous carriers of rs12708954 

and wild-type carriers of rs3785143 were found to have a higher response to ATX. This study 

found that NET rs12708954 and rs3785143 genotypes affect treatment response to ATX, 

given that carriers of heterozygous rs12708954 and rs3785143 genotypes showed better 

response to treatment than patients with wild type.  

 

Ramoz et al. (23) investigated the association of polymorphisms in the SLC6A2 and 

CYP2D6 genes with ATX response in two independent cohorts of one hundred and sixty and 

one hundred and five children with ADHD, treated for a total of six weeks. A total of one 

hundred and eight SNPs in the SLC6A gene and eight mutant alleles of CYP2D6 were 

genotyped. Significant associations were found between twenty SNPs of SCL6A2 and 

clinical efficacy in atomoxetine responders, compared to non-responders. Carriers of allele 

rs12708954-A allele were the best responders to treatment, and it was found that the most 

robust relationship with the response was related to rs3785152. Furthermore, genomic 
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regions across exons 4 to 9 of the SCL6A2/ NET gene, where the twenty SNPs are located, 

were significantly associated with treatment response in the two independent samples. No 

association was found for the CYP2D6 gene in this study. 

 

In another study, based on the hypothesis that any variants of adrenergic 

neurotransmitter system genes might influence treatment response to atomoxetine, Yang et 

al. (24) aimed to analyze SNPs of SLC6A2 and ADRA2A genes and their association with 

ATX response, defined as a response or remission status, in children with ADHD. Twelve 

SNPs in SLC6A2, ADRA2A, and ADRA1A were genotyped. The carriers of rs3785143 and 

rs2279805 in SLC6A2 were significantly associated with responder and remission status, 

respectively. A haplotype with two SNPs (rs1800544 and rs553668) in the ADRA2A gene 

was reported to be associated with non-remission of symptoms after ADHD treatment with 

atomoxetine. 

 

Fang et al. (25) investigated dopamine beta-hydroxylase (DBH) gene variants and their 

influence on ATX response, given that ATX is a selective inhibitor of the norepinephrine (NE) 

system and DBH regulates the synthesis of NE. Eight single nucleotide polymorphisms 

(SNPs) in the DBH gene were genotyped, and their association with response, robust 

response, or remission status was analyzed. Four SNPs were found to be associated with 

response status (rs1076150, rs2873804, rs1548364, rs2519154), two of these SNPs were 

associated with robust response (rs1076150, rs2519154), and one was associated with 

remission (rs2519154). Of these four associated SNPs, rs2519154 was significantly 

associated with a robust response after correcting for multiple comparisons (p= 0,0384). 

 

Zhong et al. (27) aimed to investigate whether variants of neurodevelopmental genes 

previously associated with ADHD in Genome-Wide Association Studies (GWAS) could 

predict responses to ATX and MPH. This study analyzed single variant, gene-based, set-

based, and polygenic associations. SNP and gene level analyses did not yield significant 

results after multiple comparison corrections, which might be due to the small effect of each 

SNP and gene on the response variance. Given that each genetic marker only explains a 

small fraction of treatment response, they investigated an aggregate measure of genetic risk, 

using the sum of alleles across the genome weighted by their effect size. In this case, the 

polygenic risk score for ADHD predicted a favorable response to ADHD medication, MPH, 

and ATX, explaining 2% of the variance.  
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Discussion  

Since a significant percentage of children affected by ADHD show poor response to 

treatment with ATX and this medication takes several weeks to show full clinical effect, this 

review aimed to summarize original studies investigating biological predictors of ATX 

response in children with ADHD. The systematic research of the available literature revealed 

only a small number of studies about the topic of this article. The results from the different 

studies do not identify robust predictive biomarkers of ATX effectiveness in these patients. 

However, the synthesis of the literature brought out important insights and allowed for 

recommendations informing further research.  

  

With regards to EEG-based markers, in the reviewed literature, pretreatment greater 

P3 amplitudes and lower N2 amplitudes during auditory tasks, a greater decrease in 

temporoparietal theta cordance at one week of treatment, elevations in only slower 

frequencies such as delta, theta and alfa bands (as opposed to broad pretreatment increases 

in power) and reduction in TMS-evoked SICI  emerge as EEG profiles that could be used as 

candidate predictive biomarkers associated with better response to atomoxetine. Some 

authors have recommended EEG to aid in the diagnosis of ADHD, as well as for the 

prediction of response to treatment (29, 30). Previous studies have demonstrated that it can 

predict response to stimulant medication, showing that increased theta and increased theta/ 

beta ratios and excess beta groups responded better to stimulants and that responders were 

associated with prefrontal hypoactivation (31-34). However, EEG's role in predicting 

response to ATX has been less explored. There has been much research on event-related 

potentials (ERPs) in patients with ADHD, and they have been emerging as a promising tool 

in the pursuit of personalized medicine. Although several studies have analyzed ERPs 

differences between responders and non-responders to stimulants (35-37), only two groups 

of researchers so far have focused on ATX. The first study investigating the relationship 

between ERPs and response to ATX found that pretreatment auditory P3 amplitude was 

significantly greater in responders to ATX compared with non-responders (16). However, this 

study was not double-blind, and the number of participants was small (17 children). A second 

study explored differences in ERPs associated with noradrenergic activity, N2 and P3, in 

responders vs non-responders to ATX and found that responders had significantly lower N2 

amplitudes, particularly in the right frontocentral region (20). ERPs are neural responses to 

specific events (e.g., experimental stimuli), that provide a powerful noninvasive tool to study 

neural activity associated with underlying cognitive processes and to understand better 

disorders involving the processing of novel stimuli. A task commonly used to elicit ERPs are 
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oddball auditory tasks, in which a deviant stimulus (higher pitched tone) has to be detected 

and distinguished from frequent background tones (38). The most prominent ERPs elicited 

during the detection of deviant stimuli are the N2 and P3 components (39). The N2 

component to the standard stimuli in an oddball task is considered a reflection of automatic 

central auditory processing, measuring the rapid detection of notable environmental 

changes. The P3 component, on the other hand, is thought to reflect context updating and 

attentional reorientation. Since both have been associated with noradrenergic activity, which 

is also related to the clinical effects of ATX, there has been increased interest in their 

potential as biomarkers for ATX response (38). Several investigators have shown group 

differences between normal developing children and children with ADHD in auditory P3 

amplitude, especially in younger pre-adolescent children. In children with ADHD, auditory 

and visual P3 amplitude is typically reduced, especially posteriorly, which may improve with 

treatment (40-42). It seems that within children with ADHD, there is heterogeneity in auditory 

P3 amplitude, with some having smaller auditory P3 amplitude, and it appears that this 

subset of children with ADHD with lower P3 amplitude may not respond as robustly to ATX 

as the subset with normal P3 amplitudes. Furthermore, findings suggest that children and 

adolescents with ADHD with atypically low N2 amplitudes, reflecting a more significant 

dysfunction in NE transmission, may respond better to ATX due to its mechanism of action. 

Since ATX acts by increasing noradrenaline (NA) levels throughout the brain, by blocking 

presynaptic NA reuptake transporters (43, 10), it is plausible that a subgroup of patients with 

dysfunctional noradrenergic transmission, reflected by lower N2 amplitudes, may experience 

greater improvement when treated with ATX.  

 

In this review, increased absolute power in alfa and delta in frontal and temporal 

regions was also associated with response to ATX, with absolute power values moving 

towards normal values after treatment (18). Additionally, another study correlated early 

changes in theta cordance values at one week of treatment with the improvement of ADHD 

symptoms, with responders having significantly lower levels of left temporoparietal theta 

cordance after one week (21). The authors concluded that responders had excess baseline 

theta cordance localized to temporoparietal regions, and this abnormal finding decreased 

after one week of ATX treatment. However, potential limitations in these studies include their 

small sample size, a short duration of follow-up, and lack of a placebo-controlled group. As 

previously mentioned, an expanding literature has reported an association between baseline 

profiles of quantitive EEG (qEEG) or differences between baseline and re-evaluation profiles 

and treatment outcomes. The identification of treatment-responsive qEEG subtypes has 

been described in depression, schizophrenia, and obsessive-compulsive disorder (44-46), 
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suggesting that understanding the underlying neurophysiology of the patient can significantly 

contribute to the optimization of treatment. Many qEEG studies have shown abnormal 

patterns of neuronal oscillatory activity in ADHD (47). This abnormal oscillatory activity 

present in ADHD may reflect defects in default mode network regulation by subcortical 

structures, such as the thalamus and striatum, and be related to a deficit in integrative or 

inhibitory processing in these patients (48). This disturbance in oscillatory activity is 

suggestive of thalamocortical dysryhtmia (47). The left temporoparietal region identified in 

the study included in this review is interesting, given its similarity to a region involved in 

attentional processing related to motor control in healthy controls (49). A previous study 

reported that a similar finding of left temporoparietal cordance in theta frequency after one 

week of treatment was associated with the improvement of symptoms of ADHD in young 

adults aged 18 to 30 years old (50). These findings are also similar to the ones of Clarke et 

al. (51) study, which showed that good responders to stimulants were characterized by 

increased relative delta and theta power and decreased alfa and beta power, compared to 

individuals who responded poorly to treatment. Other studies have previously investigated 

the association between pretreatment brain electrical activity and response to stimulant 

medications in ADHD. Chabot et al. (52)  were among the first groups to report pretreatment 

qEEG differences as a reliable predictor of stimulant treatment outcome. They found that 

greater beta and lesser theta activity correlated positively with response to stimulants. These 

findings were similar to those of a study by Loo et al. (53), who reported increased beta and 

decreased theta and alfa activity in the frontal regions of responders to MPH. Suffin and 

Emory (54)  found that pretreatment quantitive EEG data predicted response to medication in 

treatment-resistant pediatric depression. Arns et al. (55) noted that excessive frontal slow-

wave activity was associated with a better response to stimulant medication. Overall, studies 

have identified responders to stimulants using a variety of measures of pretreatment qEEG, 

with a reported accuracy of 70-80%. One study has previously examined the acute effects of 

ATX on qEEG in children with ADHD, reporting that a single dose of ATX produced global 

increases in absolute and relative beta power, with several changes in other bands, after an 

hour (56). An important reduction in omission errors in a Continuous Performance Task 

accompanied this. Therefore, the authors concluded that ATX could produce substantial 

normalization in qEEG profile in children with ADHD, with behavioral performance 

improvements. The generation of rhythmic oscillations in the theta and alfa bands is strongly 

influenced by thalamocortical pacemaker cells (57). Cordance is a measure of regional brain 

activity using qEEG, complementary to qEEG absolute and relative power measures, and 

therefore may reflect brain function aspects that are not captured by conventional power 

measures. Given that it is an indicator of the activity of monoamine reuptake medication, it 

has already been proven to be a useful measure of the effects of reuptake inhibitor 
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antidepressant medications, particularly mixed reuptake inhibitor venlafaxine, but has been 

less studied in ADHD (58). ADHD findings involving qEEG power and cordance in theta 

frequency band might be best interpreted in the context of thalamic dysfunction, with recent 

reports implicating the thalamus in the pathophysiology of this disorder. Reduced thalamic 

volumes and disturbances in the connectivity between the thalamus and striatum evaluated 

by functional RMN have been reported in children with ADHD (59). These findings suggest 

that ADHD may be a syndrome of thalamocortical dysrhythmia. Furthermore, the thalamus 

has also shown promise as a brain region that reflects the differential effects of ATX. Future 

research should investigate the relationship between cerebral oscillatory activity and the 

thalamus. The primary finding of another EEG-based study found that children who respond 

clinically to ATX have a decrease in Transcranial Magnetic Stimulation (TMS) evoked short 

cortical inhibition (SICI) at four weeks of treatment (19). TMS is an easy and inexpensive 

method that non-invasively activates excitatory or inhibitory populations of neurons of the 

cerebral cortex, resulting in the production of local evoked potentials. It was previously used 

to evaluate motor cortex biomarkers of diagnosis and treatment-induced changes in ADHD 

(60-62). In ADHD, impairments in fine motor control and neuroimaging findings in the frontal 

cortex can be commonly observed, providing rationale for this approach. TMS pulses 

delivered at an interstimulus of 3 msec activate GABA-mediated inhibitory interneurons and 

are used to measure SICI. Previous studies have shown that SICI is diminished in the motor 

cortex of patients with ADHD and that greater reductions were associated with more severe 

ADHD (60, 63).  Several studies have found that MPH increases, and therefore normalizes 

SICI (60, 61, 64). However, the study's results included in this review found that ATX exerts, 

paradoxically, the opposite effect and reduces SICI, opposing the previously published 

studies showing stimulants increase SICI and normalize a deficiency in inhibition in some 

children with ADHD. The author suggested that a possible explanation for this apparent 

reduction in SICI is that ATX might have an unexpected effect on short interval facilitation 

(SICF), which is elicitable at intervals that overlap with those of SICI. However, future studies 

evaluating both SICI and SICF may help clarify this phenomenon. Moreover, significant 

potential limitations to this study include the fact that it was conducted over a short period of 

time, with a four weeks treatment period, had a small sample, and lacked blinding.   

 

Regarding the topic of the present article, neuroimaging profiles that can predict 

differential response to different treatments may be useful to guide treatment stratification 

and help clinicians make personalized treatment decisions (65). Neuroimaging studies aim to 

identify changes in different brain regions associated with responses to treatment. Even 

though neuroimaging is an emerging field, the number of this type of studies on ADHD 
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patients is minimal. The findings summarized in the present article should be, therefore, 

interpreted not only as promising but also as very preliminary. The review of the available 

literature revealed only a study of this type, comparing MPH vs. ATX treatment, which found 

that enhanced pretreatment caudate activation predicted a better response to MPH, but a 

worse response to ATX (22).  The results from this study are consistent with existing 

literature implicating striatal dopaminergic mechanisms in the therapeutic actions of MPH but 

not ATX. Even though both medications inhibit NE transporters, only MPH inhibits dopamine 

transporters  (66).  Differences in affinity for the dopamine transporter between MPH and 

ATX manifest most clearly in the striatum since the striatum is the site of the densest 

dopamine transporter concentrations in the brain but has little NE transporter expression 

(67). Previous studies have shown that single dose MPH, but not ATX, increase striatal 

dopamine levels and task-related neural activity, reflecting the abundant expression of 

dopamine transporters in the striatum but lack of NE transporters (68, 69). The additional 

therapeutic action of MPH in the striatum could also explain the greater response to MPH 

than to ATX found in clinical trials. The findings are partially consistent with previous studies 

conducted in adults with ADHD, in which clinical response to MPH was predicted by 

increases in striatal dopamine and was related to striatal dopamine transporter availability, 

with responders having greater binding sites and reduction in binding sites over the course of 

treatment being correlated with symptomatic improvement (70, 71). Meanwhile, the 

corresponding lack of binding sites for ATX to directly influence the function of the striatum 

means that these effects are not likely implicated in its mechanism of action (72). Therefore, 

measures of striatal function are potential candidate biomarkers for individuals who benefit 

preferentially from MPH therapy and its dopaminergic effects, while predicting nonresponse 

from ATX and its selective noradrenergic effects. These findings are more relevant 

concerning the need to identify children and adolescents who derive little to no benefit from 

treatment with ATX, which corresponds to 40% of total youth with ADHD, corresponding with 

patients with higher baseline enhanced caudate activation. Overall, these findings indicate 

that the localization of regional functional anomalies linked to ADHD (right caudate nucleus, 

in this case) and the availability of pharmacological targets for medications in this region 

(such as catecholamine transporters) may be fundamental determinants of differential 

response to ADHD treatment in youth. If replicated in future research, the identified functional 

MRI patterns may be valuable in predicting differential responses to different treatments for 

ADHD. Given that the difference in affinity for the dopamine transporter could represent the 

pharmacological basis for differential response to MPH and ATX, it should be further 

exploited to identify individuals who respond preferentially to MPH over ATX. However, while 

the ability of a pretreatment brain scan to guide clinical decisions is an important goal, these 

findings are not yet sufficiently developed to be applied in clinical practice. 
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In recent years, the number of studies investigating genetic polymorphisms and 

individual differences regarding the metabolism and effectiveness of drugs used in 

psychiatric diseases has increased. Current pharmacogenetic studies in ADHD have mainly 

focused on investigating the response to MPH and dopaminergic genes (73, 74). However, 

regarding genetic studies, this review showed that the number of studies conducted to 

explain the variability of response to ATX treatment is very limited. Although many studies 

investigate the role of polymorphisms in the NET gene in the etiology of ADHD, there are 

only three studies on the association with resistance and response to ATX (75, 76). ATX is a 

selective inhibitor of the NE transporter, which increases dopamine and NE levels by 

inhibiting the presynaptic NET in the prefrontal cortex (77). Owning to the mechanism of 

action of ATX on NE transporter and the likely involvement of NE in the pathophysiology of 

ADHD, studies evaluating the association between genetic variants of the noradrenergic 

neurotransmitter system and response to ATX are important concerning the topic of the 

present article. In Gul et al.'s study, two variants (rs12708954 and rs3785143) of the NET 

gene were associated with ATX response treatment (26). The results of this study support 

the ones from a previous one by Ramoz et al. (23), in which different SNPs were associated 

with ATX response, and rs12708954 and rs3785152 showed the strongest association to 

response to treatment. Furthermore, since the 20 SNPs associated with response in this 

study are among 4 to 9 exons of the NET gene, this region was identified as the part 

associated with response to ATX. In another study, rs3785143 and rs2279805 in SLC6A2 

were significantly associated with response to treatment (24). In conformance with these 

results, in another study investigating the relationship of dopamine and NE genes with ADHD 

treatment, rs28363170 and rs3785143 were shown to play a major role in the treatment 

response. Authors found that carriers of rs28363170 and C alleles of rs3785143 responded 

well to ATX, whereas carriers of rs28363170 10R and T allele of rs3785143 were better 

responders to MPH (78). Altogether, these studies showed consistent evidence for the 

association between the SLC6A2 gene and treatment response. Considering the limited 

studies about NET gene polymorphisms, studies to understand better the role of genes 

involved in the metabolism of NE in treatment effectiveness are critical. The limitations of the 

studies reviewed include lack of placebo control, investigation of a small number of genes 

and SNPs in the noradrenergic system. Further studies, including other functional 

polymorphisms in this system, are needed to understand the role of genetic variation in 

response to treatment with ATX. Demirci et al. showed that polymorphisms of CYP2C19 can 

influence treatment response to ATX, with carriers of c.681G>A CYP2C19 polymorphism 

demonstrating a significantly lower response to ATX treatment (28). Cytochrome enzymes 

are the biggest group of enzymes to play a role in metabolism (79). Variations in the gene 
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region that encodes these enzymes can alter their function and therefore result in differences 

in eliminations and effects of the drug metabolized by them. The CYPC19 and CYP2D6 

enzyme pathways metabolize ATX; thus, genotype and phenotype of CYP2C19 may 

significantly influence ATX clearance and exposure  (80). However, the number of studies 

examining the association between CYP2C19 and response to ATX is quite limited. In a 

study, after a single dose of ATX, the Cmax value was higher and the clearance was lower in 

poor metabolizers in terms of CYP2C19, in comparison to normal and moderate 

metabolizers. Those with the CYP2C19*2 or CYP2C19*3 alleles had lower ATX hepatic 

elimination (81). Demirci's study also showed that higher levels of BDNF were associated 

with resistance to treatment to ATX. BDNF is a neurotrophin that plays an important role in 

neurodevelopment and maturation, with a high expression in central nervous system  (82). 

Disruption of BDNF is found in ADHD, similar to many psychiatric diseases. Experimental 

data from animal studies suggest that BDNF is also involved in the mechanism of action of 

ATX and treatment increases BDNF mRNA levels in the hippocampus, frontal and prefrontal 

cortex of rats (83). One study reported a decrease of BDNF levels after treatment with ATX 

in patients with the inattentive presentation of ADHD (84).  CYP2C19 is also involved in the 

biotransformation of neurotransmitters, such as BDNF. It was reported that transgenic mice 

expressing human CYP2C19 gene showed impaired hippocampal BDNF homeostasis under 

stress (85). However, despite this possible relationship, the included study in this review was 

the first human study to investigate the association between BDNF levels and CYP2C19 

alleles, and whether they have a role in treatment response or resistance to atomoxetine. 

Dopamine beta-hydroxylase (DHB) is the key enzyme in the biosynthesis process of NE and 

exerts an important role in the maintenance of normal NE functions (86). On the basis that 

any functional DNA variants in DHB genes could potentially modulate response to 

atomoxetine, by changing the activity of this enzyme, the discovery of such variants can help 

predict the treatment effect before it starts. Fang et al.'s study (25) was the first to investigate 

the association between DBH and Atomoxetine response. Variants in DHB genes, 

particularly rs2519154, were associated with atomoxetine response. The significant 

associated SNP (rs2519154) is located in the intron of the DHB gene and is a regulatory 

SNP. Since DBH is a key enzyme in the biosynthesis process of NE, it has been considered 

a candidate gene for ADHD susceptibility. Firstly, it was reported that Ta1 polymorphism in 

the fifth intron of the DBH gene was associated with ADHD (87). Afterwards, this association 

was replicated in two further studies, by Roman et al. (88) and Smith et al. (89). Another 

study performing haplotype analysis reported an association of a haplotype containing the A2 

allele of Taq1 polymorphism with ADHD (90). In addition, a meta-analysis of all ADHD 

candidate genes identified DBH as one of the significantly associated genes. However, given 

that the study included in this review used a small sample size, random association can not 
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be excluded and further replication in larger samples is warranted for validation of this result. 

Overall, identifying susceptibility genes for atomoxetine response might help to establish a 

predictive model that can be applied before prescription and therefore lead to individualizing 

precision medicine. A multivariate predictor with sufficient accuracy is necessary for 

application in clinical practice.  

 

It is not always possible to normalize attention and activity levels in patients with 

ADHD with one class of drugs, such as stimulants. As drugs with other mechanisms of 

action, such as norepinephrine reuptake inhibitors like ATX, have become approved for the 

treatment of ADHD, the goal should be to achieve this normalization in most patients, 

including those who may not respond to treatment with stimulants. Considering that there is 

wide variability in effectiveness and tolerability in ATX and since effects may not be observed 

until weeks after the start of treatment, there is an important motivation for the development 

of biomarkers that can predict the effectiveness of treatment in any given patient, aiding 

personalized treatment decisions. Even though there is a clear need to develop these 

markers to guide clinical decisions, developing predictive markers of treatment response has 

been challenging. Furthermore, there is a lack of translation of promising findings in this area 

into clinical settings. This article reviewed the available neurophysiological, neuroimaging 

and genetic literature providing a solid foundation for the development of candidate predictive 

markers. The existing research points to promising pretreatment profiles predicting efficacy 

and response to treatment with atomoxetine. These candidate predictive markers show 

potential in aiding with the stratification of patients to specific treatment, namely the selection 

of patients who will or will not benefit from atomoxetine treatment. Nevertheless, despite the 

considerable progress, the available literature does not support immediate clinical 

applications of these predictive markers, mainly due to the use of small and homogeneous 

samples, along with some practical limitations such as cost and technical requirements of 

marker assessments. Most of the available studies used small samples, less likely to allow 

reliable estimates of associations of the assessed biomarkers with clinical effectiveness (91, 

92). So, in order to allow reliability of findings, research should move towards systematic 

replication of promising predictive biomarkers in larger samples, which is essential to 

guarantee the generalization of their validity in clinical settings. Secondly, most of the studies 

conducted assessments for only a few weeks or months, so we still do not know about the 

utility of these biomarkers over more extended periods of time. Since the effects of 

medication can decrease over time, despite initial robust response and tolerability (93, 94), 

future studies should be conducted over more extended periods, over several months or 

years. 
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Furthermore, a limitation of most studies is that response measurements involved 

subjective teacher and parent ratings, without including objective and physiological 

measurements. Finally, considering the clinical heterogeneity of ADHD patients, future 

studies should include diverse presentations of this disorders and more heterogeneous and 

diverse samples, given that different subgroups of individuals may respond with different 

degrees of improvement to ATX (95). Taking this into consideration, these findings must be 

replicated in larger samples to ensure their reliability and generalizability and ultimately allow 

personalized selection of optimal medicine in a diverse and heterogeneous disorder such as 

ADHD.  
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Conclusion 

 In summary, the most promising measures for treatment response prediction are EEG 

measures, such as event-related N2 and P3 amplitudes and change in theta cordance 

values, neuroimaging evaluation of pretreatment brain activation, and genetic markers 

involving the NET/ SLC6A2, CYP2C19 and DHB genes. Pretreatment profiles involving these 

measures represent candidate predictive biomarkers for treatment response to atomoxetine.  

Even though the results of this review may be promising, additional research is 

needed to confirm the reliability of the different biological markers and to have a complete 

overview of this topic. The selected literature and the approaches included are important for 

informing future research. Overall, this body of research constitutes a solid base for 

developing biomarker approaches and selecting patients for treatment with atomoxetine 

based on individual neurobiological profiles.  
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