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Introduction: Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodevelopmental disorder affecting children worldwide; however, diagnosing ADHD remains a complex task. Theta/beta ratio (TBR) derived from electroencephalography (EEG) recordings has been proposed as a potential biomarker for ADHD, but its effectiveness in children with ADHD remains controversial. Behavioral assessments, such as the Conners Continuous Performance Test–3rd edition (CPT-3), have been utilized to assess attentional capacity in individuals with ADHD. This study aims to investigate the correlation between TBR and CPT-3 scores in children and adolescents with ADHD.

Methods: In a retrospective analysis, we examined patients regularly monitored for ADHD at Taipei Tzu Chi Hospital, who underwent both EEG and CPT-3 assessments. Severity of ADHD was evaluated using parent- and teacher-completed Swanson, Nolan, and Pelham (SNAP)-IV rating scales.

Results: The study encompassed 55 ADHD patients (41 with abnormal CPT-3 scores, 14 with normal CPT-3 scores) and 45 control subjects. TBR demonstrated elevation in ADHD patients with abnormal CPT-3 scores, indicating its potential to represent attentional capacity akin to behavioral assessments like CPT-3. However, significant correlations between TBR values and CPT-3 variables or SNAP-IV rating scales were not observed. Moreover, TBR values exhibited considerable overlap across the groups, leading to diminished sensitivity and negative predictive value as a potential neurophysiological ADHD biomarker.

Discussion: While our study underscores the utility of both TBR and CPT-3 in assessing attentional capacity, their sensitivity in diagnosing ADHD is limited. A comprehensive evaluation, integrating clinical expertise, parental input, and detailed neuropsychometric tests, remains pivotal for a thorough and precise diagnosis of ADHD.
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1 Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent neurodevelopmental disorder affecting children worldwide, with a significant impact on both the affected individuals and their families. The global prevalence of ADHD ranges from 5% to 7%, making it one of the most commonly diagnosed psychiatric disorders in childhood (1). The disorder is characterized by persistent patterns of inattention, hyperactivity, and impulsivity, leading to impairments in academic performance, social interactions, and overall functioning (2). The diagnosis of ADHD accords to the criteria described in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (3); however, diagnosing ADHD remains a complex task, often relying on subjective assessments such as parents' and teachers' reports, as well as clinical impressions from physicians. The ambiguity of relying solely on these subjective measures has led to concerns about the accuracy and reliability of ADHD diagnosis. There is a growing recognition that objective, neurophysiological measures could potentially provide valuable insights and complement the existing diagnostic procedures.

One such neurophysiological measure that has gained attention in recent years is the theta/beta ratio (TBR) derived from electroencephalography (EEG) recordings. The TBR reflects the ratio of theta to beta power in the brain's electrical activity, and has been proposed as a potential biomarker for ADHD (4). Several neurophysiological mechanisms underlie TBR and attention capacity. During the resting state, theta and alpha EEG bands dominate, shifting to the beta band during mental tasks (5). The elevated TBR in patients with ADHD may be linked to their difficulty in focusing on mental tasks. Some studies suggested that TBR could reflect cortical-subcortical interactions associated with inhibitory functioning, indicating the involvement of voluntary top-down processes during attentional control carried out by the dorsolateral prefrontal cortex (6). Therefore, the increased TBR observed in patients with ADHD may indicate either a deficient cortical response induced by mental effort or impaired voluntary top-down attention control. Support for these hypotheses is further substantiated by behavioral data. Zhang et al. (7) reported a positive correlation between frontal TBR and inattentive symptoms of ADHD. Additionally, Heinrich et al. (8) found that patients with higher TBR exhibited prolonged reaction times, indicating that difficulties in cortical response during mental tasks might manifest as increased TBR in this patient group. While TBR holds promise for aiding in ADHD diagnosis by offering an objective measure to supplement subjective assessments, its effectiveness in children with ADHD remains controversial. From a recent systemic review, the sensitivity and specificity of TBR on ADHD diagnosis varied from studies, casting doubt on the reliability and consistency of TBR as a biomarker for ADHD (9). Although the clinical application of TBR is highly controversial, it was approved by the US Food and Drug Administration as a confirmatory support for the diagnosis of ADHD in patients aged 6–17 years (10, 11).

Behavioral tests, such as the Conners Continuous Performance Test–3rd edition (CPT-3), have been employed to assess attentional capacity in individuals with ADHD (12). These tests provide additional objective measures, such as omissions, commissions, and hit reaction time, that can aid in the diagnostic process of ADHD (13). However, there are instances where CPT-3 results may contradict the clinical impression (14), further highlighting the complexity of ADHD diagnosis and the need for additional objective measures like TBR. Considering the ambiguity surrounding ADHD diagnosis and the potential of TBR and CPT-3 to provide objective measures, this study aims to investigate the correlation between TBR and CPT-3 scores in children with ADHD. We seek to examine the relationship between TBR and ADHD severity to better understand the clinical implications of these objective measures. By enhancing the diagnostic process with objective measures, we aim to improve the accuracy and reliability of ADHD diagnoses with neurophysiological biomarkers, such as TBR, and ultimately facilitate more effective interventions and treatment strategies for children with ADHD.



2 Material and methods


2.1 Participants

We conducted a retrospective study involving patients diagnosed with ADHD who were regularly seen for more than three times at the pediatric neurology or pediatric psychiatry clinic at Taipei Tzu Chi Hospital. The diagnosis of ADHD was established in accordance with DSM-5 criteria and assessed by experienced neurologist or psychiatrist. Additionally, we utilized the Swanson, Nolan, and Pelham (SNAP)-IV rating scales completed by parents and teachers to support the diagnosis. Because ADHD diagnosis typically does not necessitate EEG evaluation; consequently, patients with ADHD referred for EEG assessment often presented with other neurological manifestations such as seizures, tics, or headaches.

Between July 1, 2021, and December 31, 2022, we included 55 patients diagnosed with ADHD from 8 to 18 years old who underwent both EEG and CPT-3 assessments in our analysis. For CPT-3 T-scores, values exceeding 60 were considered abnormal across the nine variables, which include detectability, omission errors, commission errors, perseverations, hit reaction time (HRT), HRT standard deviation (SD), variability, HRT block change, and HRT inter-stimulus interval (ISI) change. Of the 55 ADHD patients, 41 exhibited one or more abnormal CPT-3 scores and were categorized into the ADHD with abnormal CPT-3 group, while the remaining 14 were placed into the ADHD with normal CPT-3 group. Additionally, we established a control group comprising 45 age-matched neurotypical individuals who received EEG studies due to headaches/migraines or syncope, but without ADHD symptoms. During CPT-3 examinations, all subjects were instructed to discontinue the use of ADHD medications, including methylphenidate. Thirty-three out of 55 ADHD patients were undergoing methylphenidate treatment at the time of EEG recording. Our study adhered to the ethical guidelines outlined in the Declaration of Helsinki and was granted approval by the Local Ethics Committee of Taipei Tzu Chi General Hospital (07-XD-095). Due to the retrospective nature of our study, written informed consent was waived.



2.2 EEG data processing

EEG recordings were acquired with Neurofax EEG-1200 (Nihon Kohden, Tokyo, Japan) using Ag/AgCl electrodes at a sampling rate of 200 Hz. A total of 19 electrodes were carefully placed on the scalp by a trained research technologist following the International 10–20 system, and all electrodes were referenced to the ground electrode located at the FPz position. After visual inspection of artifact rejection, a 10-s EEG recording during the eye-closed waking state was retrieved for further analysis. Digitized EEG data were processed offline using in-house MATLAB scripts developed for frequency analyses, which were transformed into frequency domains via a power spectral density (PSD) function (by Welch's method with the Hanning window, sampling rate at 200 Hz in a data block of 1 s, administered at a frequency resolution of 1 Hz and with half of the data overlap in each step), similar to our previous study (13, 15, 16). We calculated the normalized PSD at a specific frequency by measuring the ratio of the PSD of that specific frequency to the sum of the total PSD of 0–50 Hz, and analyzed in theta (4–7 Hz), alpha (8–12 Hz), and beta (13–25 Hz) frequency bands.



2.3 CPT-3

During the 14-min, 360-trial administration, participants were instructed to respond when any letter appeared on the screen, except for the non-target letter “X.” Specifically, they were asked to press the space bar or mouse button when a target letter was presented and to refrain from responding when the non-target letter “X” appeared. The CPT-3 is designed to assess attention-related issues in individuals aged 8 years and older. The CPT-3 provides scores for nine distinct variables, each of which serves as an indicator of various aspects of attention and response behavior. These variables include measures related to discriminative ability, errors of omission and commission, response speed, consistency in response speed, variability in response patterns across sub-blocks, and changes in response speed with different inter-stimulus intervals. These scores collectively offer a comprehensive evaluation of attention-related performance during the CPT-3, facilitating the identification and characterization of attention-related problems in individuals aged 8 years and older (17).



2.4 SNAP-IV scale

The Swanson, Nolan, and Pelham IV Scale (SNAP-IV) is a 26-item rating scale designed for evaluating ADHD and oppositional defiant disorder (ODD) symptoms in children between the ages of 6 and 18 years. The scale encompasses three subsets: attention deficit (9 items), hyperactivity/impulsivity disorder (9 items), and oppositional and defiance problems (8 items). Parents and teachers are enlisted to provide assessments, offering a more comprehensive understanding of the child's condition. Responses are recorded on a 4-point rating scale, ranging from 0 to 3 points, to indicate the extent to which the behavior is notably more frequent and severe when compared to typically developing children of the same age. The psychometric properties of the Chinese version of the SNAP-IV have been established, and it is widely employed in ADHD research within Taiwan (18, 19).



2.5 Statistical analysis

Statistical analyses were performed using SPSS version 19.0 (IBM Corporation, Armonk, NY, USA) for Windows (Microsoft Corporation, Redmond, WA, USA). Descriptive data are presented as mean ± SD. The chi-square test, Fisher's exact test, independent t-test, and ANOVA with Tukey analysis were used to compare factors such as age, sex, EEG indications, and TBR between patients with ADHD with abnormal CPT-3 scores, normal CPT-3 scores and control. Multivariate stepwise linear regression models were used to explore the relationship between variables, including TBR of Fz, Cz, and frontal electrodes, age, sex, diagnosis with or without ADHD, epilepsy, headache, tics, and syncope. Pearson's correlation analysis was used to assess the relationship between the TBR and the T-scores of CPT-3 variables. Two-sided P < 0.05 were considered to be statistically significant.




3 Results


3.1 Demographic and behavioral data of participants

The demographic information, CPT-3 T-scores, SNAP scale assessments from parents and teachers, as well as diagnosis other than ADHD, are presented in Table 1. The mean ages for the groups with ADHD and abnormal CPT-3 scores, ADHD and normal CPT-3 scores, and the control subjects were 10.3, 9.7, and 11.0 years old, respectively. Notably, there was a statistically significant difference in the distribution of sexes among these three groups. This discrepancy can be attributed to the fact that our control group, lacking ADHD symptoms, was drawn from patients interviewed in the neurology clinic. These individuals were frequently referred for EEG studies due to conditions like migraines, headaches, or syncope, which tend to be more prevalent in female adolescents.


TABLE 1 Demographic data, CPT-3 T scores and SNAP rating scales of patients with ADHD with normal CPT-3 scores, abnormal CPT-3 scores, and patients without ADHD.
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In terms of CPT-3 variables, the group with ADHD and abnormal CPT-3 scores exhibited higher rates of omission, perseveration, HRT, HRT SD, HRT block change, and HRT ISI change. However, both the Attention Deficit Disorder (ADD) and Hyperactivity/Impulsivity (H/I) SNAP scale ratings from school teachers were higher in the group with ADHD and normal CPT-3 scores compared to the group with ADHD and abnormal CPT-3 scores.



3.2 TBR of eye-closed waking state

Figures 1A–C depicted the TBR values recorded across all 19 electrodes for the three distinct groups. Noteworthy is that individuals in the ADHD with abnormal CPT-3 group exhibited markedly higher TBR levels on the frontal electrodes, Fz, Cz, and Pz in comparison to those in the control group (Figures 1A, C, D). Conversely, ADHD patients with normal CPT-3 scores displayed TBR levels similar to those observed in the control subjects (Figures 1B, E). No significant differences were observed in the TBR among ADHD patients undergoing methylphenidate treatment compared to those not receiving the treatment. In the next step, our objective was to identify a reliable biomarker for diagnosing ADHD. To accomplish this, we selected three distinct markers for consideration: Fz, Cz, and the aggregate total frontal TBR, which encompasses the summary values of F3, F4, Fz, F7, and F8. We presented individual TBR data for Cz, Fz, and a summary of the frontal electrodes (F3+F4+Fz+F7+F8) in Figures 1F–H. Despite a notable overlap in the data across these three groups, the ADHD with abnormal CPT-3 group consistently demonstrated higher TBR values at Cz, Fz, and the frontal electrodes.
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FIGURE 1
 The theta/beta ratio (TBR) In patients with ADHD compared to the control group. (A–C) Present the TBR in ADHD patients with abnormal Continuous Performance Test−3rd edition (CPT-3), those with normal CPT-3, and the control group. ADHD patients with abnormal CPT exhibited higher TBR values on frontal electrodes. (D, E) Display the p-values indicating the significance of TBR differences between ADHD patients with abnormal CPT-3 and the control group, as well as between ADHD patients with normal CPT-3 and the control group. (F–H) Provide individual TBR values measured on Cz, Fz, and frontal electrodes for ADHD patients with abnormal CPT-3, those with normal CPT-3, and the control group.


Considering the potential influence of participant characteristics such as age, sex, the presence of ADHD, and other coexisting medical conditions on TBR, we conducted an exploration of the relationships between TBR values at Fz, Cz, and the frontal electrodes in conjunction with these variables using multivariate stepwise linear regression models. Following adjustments for these variables, the participant's age emerged as the most significant factor impacting TBR (Table 2). The presence of ADHD had a noteworthy effect on Fz TBR (P = 0.035), indicating a statistically significant association. However, its impact on Cz and frontal electrodes TBR showed only marginal significance (Table 2).


TABLE 2 Multivariate stepwise linear regression analysis coefficients for the association of Fz, Cz, and frontal electrodes TBR.
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Given the observed differences in TBR values at Fz, Cz, and frontal electrodes across the three study groups, our subsequent investigation sought to discern any potential relationships between TBR and CPT-3 variables. However, our analyses did not reveal any significant correlations between TBR values at Fz, Cz, and frontal electrodes and the various CPT-3 variables, including detectability, omission errors, commission errors, perseverations, HRT, HRT SD, variability, HRT block change, and HRT ISI change (Table 3). Furthermore, we conducted an assessment of the correlations between TBR values and the SNAP-IV rating scales provided by both parents and teachers. However, similar to our previous findings, these analyses did not yield any significant correlations (Table 3).


TABLE 3 Pearson's correlations of TBR, CPT-3 variables, and SNAP-IV scales.
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Additionally, we attempted to establish a cutoff value for TBR that could potentially serve as a biomarker for ADHD. Regrettably, utilizing mean TBR + 1.5SD or TBR +1SD of Fz, Cz, and frontal electrodes as the threshold yielded sensitivities ranging from 7.3% to 14.5%. These low sensitivities pose a significant challenge to the clinical utility of these proposed biomarkers (Table 4).


TABLE 4 Sensitivity, specificity, PPV, and NPV of each TBR indicators.
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4 Discussion

In this study, we observed significant differences in TBR values among ADHD patients with abnormal and normal CPT-3 scores. Frontal/Cz/Fz TBR was elevated in ADHD children with abnormal CPT-3 scores, while TBR in ADHD children with normal CPT-3 was similar to controls. Stepwise linear regression revealed that age impacted TBR across Fz, Cz, and Frontal electrodes, while the diagnosis (ADHD) specifically influenced Fz. Despite TBR was potentially as an indicator of attentional capacity, as evaluated by CPT-3, there are no significant correlations between TBR values at any electrodes and CPT-3 variables or SNAP-IV rating scales by Pearson's correlation analysis. Additionally, no clear predictive utility was identified for a TBR cutoff. TBR values exhibited considerable overlap across groups, resulting in low sensitivity and negative predictive value when considering TBR as a potential neurophysiological biomarker for ADHD. These findings underscore the complexity of utilizing TBR as a standalone biomarker and emphasize the necessity of considering multiple factors in the assessment of attention-related conditions.

ADHD is a neurodevelopmental disorder characterized by persistent patterns of inattention, hyperactivity, and impulsivity. The underlying neuromechanism of ADHD is complex and involves various regions of the brain (20). Traditionally, the frontal lobe was considered to play a pivotal role, given its responsibility for executive functions, which encompass a range of cognitive processes like attention control, inhibition, working memory, and cognitive flexibility (21–24). However, other brain areas, including the basal ganglia, corpus callosum, temporal lobes, and caudate nuclei, have also been reported to show abnormalities in patients with ADHD (20). In our study, the most prominent differences in TBR between patients with ADHD and control subjects were observed in the frontal head regions, which underscores the notion that ADHD involves some form of frontal lobe dysfunction. Many previous studies predominantly focused on calculating the TBR at Cz as a diagnostic tool to differentiate between individuals with ADHD and control subjects. However, the reported results varied, potentially due to Cz TBR not consistently representing the largest difference between these two groups. Snyder et al. conducted a study with 97 ADHD patients and 62 non-ADHD control subjects aged between 6 and 18 years. They observed a significant increase in Cz TBR in ADHD patients compared to control subjects, achieving a diagnostic sensitivity of 87% and specificity of 94% (25). However, Loo et al. reported no significant differences in Cz TBR between ADHD and control groups in children or adolescents and even found a decreased TBR in adult ADHD patients (26). This finding contradicts another study by Kiiski et al. (27), which reported that Cz TBR failed to identify ADHD status in adult patients. Studies utilizing Fz TBR as an EEG biomarker for ADHD are scarce. In a recent analysis of QEEG data from two large-scale studies, the ICAN study and the iSPOT-A study, it was concluded that TBR cannot reliably distinguish ADHD from controls. However, differences were more pronounced at Fz than Cz, resulting in marginal significance (P-value between 0.062 to 0.101) (28). Furthermore, in our study, we observed distinct TBR patterns in ADHD patients with and without abnormal CPT-3 scores. This suggests that TBR may reflect individual attention capacity similarly to behavioral exams. Given the heterogeneous etiologies and presentations of ADHD, utilizing TBR as a biomarker for all ADHD patients could potentially dilute its effectiveness as an indicator for distinguishing them from control subjects. This outcome brings out the complexity of ADHD's neurophysiological mechanisms and highlights the need for larger-scale studies in the future.

An intriguing finding emerged from this study, particularly in the cohort of ADHD patients receiving consistent clinical follow-up from experienced physicians. It was noted that individuals with abnormal CPT-3 scores demonstrated elevated TBR levels. Contrarily, when evaluated by school teachers using the SNAP-IV scales, patients with normal CPT-3 scores exhibited higher ratings. This dual observation adds a layer of complexity to our understanding of ADHD, suggesting that distinct assessment methods may yield varying insights into the condition. Within our cohort, 14 out of 55 patients diagnosed with ADHD (25.5%) exhibited normal CPT-3 scores, indicating a low sensitivity of CPT-3 in the diagnosis of ADHD. This finding aligns with prior research which has highlighted that behavioral assessments for ADHD, including tools like CPT-3, tend to demonstrate high specificity but low sensitivity in ADHD diagnosis (12, 29). Regarding the potential use of TBR as a diagnostic tool for ADHD, while a review article by Clarke et al. reported sensitivity levels ranging from 46.9% to 94% (9), there is also a report indicating the inability to differentiate between ADHD and control subjects using Cz TBR (30). In our study, while TBR exhibited distinctions between patients with ADHD and control subjects, it demonstrated low sensitivity and high specificity as a potential biomarker for diagnosing ADHD. Because TBR can serve as a reflection of neurophysiological processes underlying attention and potentially represent an individual's attentional capacity—measurable through behavioral assessments like CPT-3—it's not surprising that elevated TBR was only evident in ADHD patients with abnormal CPT-3 scores. However, it's crucial to note that the most profound impact of ADHD lies in the disruptive symptoms that significantly impaired daily functioning. These include difficulties in organizing tasks and activities, as well as tendencies to interrupt or intrude on others. These behavioral challenges can substantially hinder peer relationships, academic or work performance, and may lead to long-term consequences for individuals affected by ADHD (2, 31). Our findings reinforce the notion that utilizing measures of attention capacity, whether through TBR or CPT-3, is not alone sufficient for an accurate ADHD diagnosis. Clinical expertise and impressions from experienced physicians, as well as the assessment of daily symptoms by caregivers and teachers, hold equal in this diagnostic process.

Our study had several limitations. Firstly, due to the retrospective design, there were variations in sex and underlying neurological conditions between patients with ADHD and control subjects. Additionally, the absence of a 'clean' ADHD and control subjects without any other neurological conditions may pose challenges to the generalization of our results. However, after conducting a multivariate stepwise linear regression analysis to account for these factors, we still observed increased TBR in ADHD patients with abnormal CPT-3 scores. Secondly, we did not have CPT-3 data for control subjects; consequently, the correlations between TBR and behavioral data were only examined in ADHD patients. To draw definitive conclusions regarding the utility of EEG and TBR in ADHD diagnosis, a prospective study with a larger cohort, including both patients and control subjects, and comprehensive neuropsychometric evaluations alongside EEG, is warranted. Such an approach would provide a more robust foundation for assessing the diagnostic potential of EEG and TBR in ADHD.



5 Conclusion

In conclusion, our study observed the utility of both TBR and CPT-3 in evaluating attentional capacity in individuals; however, these assessments demonstrated low sensitivity in diagnosing ADHD. The comprehensive evaluation, incorporating clinical expertise, input from parents, and detailed neuropsychometric tests, remains crucial for achieving a thorough and accurate understanding of ADHD. This highlights the necessity for a holistic approach in clinical practice when addressing this complex neurodevelopmental condition.
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