Systematic Review and Meta-analysis: Clinical Utility of Continuous Performance Tests for Identification of ADHD
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Objective: We aimed to quantify the clinical utility of continuous performance tests (CPTs) for the diagnosis of ADHD compared to a clinical diagnosis in children and adolescents. Method: Four databases (MEDLINE, PsycINFO, EMBASE, and PubMed) were screened until January 2023. Risk of bias of included results was judged with the QUADAS-2. We statistically pooled the area under the curve, the sensitivity, and the specificity of three commonly used CPTs subscales: omission/inattention, commission/impulsivity, and total number of errors/ADHD subscales (PROSPERO registration: CRD42020168091). Results: 19 studies using commercially available CPTs were identified. Results from up to 835 control individuals and 819 cases were combined in the summary receiver operating characteristic (ROC) curve analyses (sensitivity and specificity pooling), and up to 996 cases and 1083 control individuals in the area under the curve (AUC) analyses. Clinical utility as measured by AUCs could be considered as barely acceptable (between 0.7 and 0.8) for the most part, with the best results for the total/ADHD score, followed by omissions/inattention, and poorest for commission/impulsivity scores. A similar pattern was found when pooling sensitivity and specificity: 0.75 (95% CI=0.66 to 0.82) and 0.71 (0.62 to 0.78) for the total/ADHD score; 0.63 (=0.49 to 0.75) and 0.74 (0. 65 to .81) for omissions; and 0.59 (0.38 to 0.77) and .66 (CI=.50, .78) for commissions. Conclusion: At the clinical level, CPTs as a stand-alone tool have only a modest to moderate ability to differentiate ADHD from non-ADHD samples. Hence, they should only be used within a more comprehensive diagnostic process.
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Abstract
Objective: We aimed to quantify the clinical utility of continuous performance tests (CPTs) for the diagnosis of ADHD compared to a clinical diagnosis in children and adolescents. Method: Four databases (MEDLINE, PsycINFO, EMBASE, and PubMed) were screened until January 2023. Risk of bias of included results was judged with the QUADAS-2. We statistically pooled the area under the curve, the sensitivity, and the specificity of three commonly used CPTs subscales: omission/inattention, commission/impulsivity, and total number of errors/ADHD subscales (PROSPERO registration: CRD42020168091). Results: 19 studies using commercially available CPTs were identified. Results from up to 835 control individuals and 819 cases were combined in the summary receiver operating characteristic (ROC) curve analyses (sensitivity and specificity pooling), and up to 996 cases and 1083 control individuals in the area under the curve (AUC) analyses. Clinical utility as measured by AUCs could be considered as barely acceptable (between 0.7 and 0.8) for the most part, with the best results for the total/ADHD score, followed by omissions/inattention, and poorest for commission/impulsivity scores. A similar pattern was found when pooling sensitivity and specificity: 0.75 (95% CI=0.66 to 0.82) and 0.71 (0.62 to 0.78) for the total/ADHD score; 0.63 (=0.49 to 0.75) and 0.74 (0. 65 to .81) for omissions; and 0.59 (0.38 to 0.77) and .66 (CI=.50, .78) for commissions. Conclusion: At the clinical level, CPTs as a stand-alone tool have only a modest to moderate ability to differentiate ADHD from non-ADHD samples. Hence, they should only be used within a more comprehensive diagnostic process.


     Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a common yet impairing neurodevelopmental disorder, with a worldwide prevalence in children and adolescents close to 5%.1 ADHD is characterized by inattention and/or impulsivity and high motor activity (hyperactivity). Diagnosis should be made by a trained clinician and is based on the identification of the core symptoms and an evaluation of the extent to which these hinder daily functioning across different contexts and are not better accounted for by other disorders. Diagnosis can be aided by the use of psychometric scales, measuring symptom severity. In adults these are typically completed by the individual being assessed, whereas for children and adolescents parents and/or teachers are the key informants, sometimes supplemented with child/adolescent self-ratings.2 Additionally, cognitive tests of attention and executive control are often used under the assumption that they are more objective markers of the disorder that can guide identification and diagnosis.3 Among these cognitive tests, continuous performance tasks (CPTs) are the most popular.4 The CPT is a cognitive paradigm that aims to measure selective attention to infrequently occurring stimuli over an extended period of time. CPTs were first developed in 1956 and have been used clinically for decades.5 Two main CPT measures have been theoretically and empirically linked to the core characteristics of ADHD: omission errors (i.e., the inability to respond to a target), which is considered a metric of inattentiveness; and commission errors (i.e., the failure to inhibit responses to inappropriate stimuli), which is conceptualized as an estimation of impulsivity.4 While CPTs have never been recommended as a stand-alone measure in clinical practice, the appeal of the test as a supposedly objective, technologically advanced, and cheap tool has led to some health providers to over rely on them in clinical practice. A systematic review of the clinical usefulness of CPTs against clinical diagnoses could put into perspective their real-world properties and applications. 
Importantly, the CPT is not a single test, but an overarching category that includes several academic and commercial implementations. These specific implementations differ in the stimuli used, the proportion of targets versus non-targets, and the speed of stimulus presentation. Commonly used commercial versions include the Conners´ CPT (CCPT),6 the Integrated Visual and Auditory (IVA+) CPT,7 and the Test of Variables of Attention (TOVA).8 
Previous meta-analyses have demonstrated that, on average, children with ADHD obtain lower scores on CPTs than typically developing controls by comparing the standardized mean difference between these groups. In their 2012 systematic review and meta-analysis,9 Huang-Pollock and colleagues concluded that children with ADHD committed significantly more omission and commission errors than controls, with the between-group effects being characterized as large. The authors of this meta-analysis attempted to correct for measurement error using reliability coefficients from published sources, which greatly changed the estimation of the effects. In fact, without this correction, effect sizes were much lower. 
Virtual reality classroom CPTs have become popular in recent years, given the advances and affordability of this type of technology.10 Recently, Parsons et al. compared virtual and traditional CPTs for the identification of ADHD.11 Importantly, they included in their quantitative pooling only studies comparing individuals with ADHD to controls for a virtual CPT measure or for both a virtual and traditional CPT (i.e., they did not include studies that only used traditional CPTs). Their results indicated that participants with ADHD had significantly more omission and commission errors, with similar effect-sizes recorded for both virtual and traditional CPTs.
Despite these findings, it is difficult to appreciate the usefulness of CPTs in the clinical evaluation process, given that pooled data represented through standardized mean differences do not indicate the proportions of individuals correctly and incorrectly identified. The diagnostic utility of a test is better depicted through measures of clinical accuracy, such as the sensitivity and specificity at different thresholds, which allow the development of receiver operating characteristic curves. This information allows for the creation of cut-off scores indicating to clinicians that a given above-threshold patient is likely to have ADHD. Such procedures are particularly important for neuropsychological measures in the field of ADHD, given the extensive literature demonstrating considerable neuropsychological heterogeneity in this disorder.12
A recent systematic review and meta-analysis on the clinical utility of psychometric rating scales in the evaluation of ADHD in children and adolescents showed that none of the included rating scales had sufficient evidence of clinical utility to be used as a stand-alone tool.13 To the best of our knowledge, the only previous systematic review evaluating the clinical utility of CPTs for ADHD found mixed evidence on the utility of commercial CPTs when predicting group membership—but did not conduct any statistical pooling of the results.14 Moreover, that systematic review was conducted in 2015, since then there have been several additional studies.15–17
Our primary aim was to investigate the clinical utility of continuous performance tests, by conducting a systematic review and a meta-analysis quantitatively pooling measures of diagnostic efficacy (i.e., AUC, and sensitivity and specificity) of CPTs as stand-alone tools for the identification of ADHD in children/adolescents. A secondary aim was to compare the clinical usefulness of various commercial implementations of the CPT.
     Methods
This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement.18 The study protocol was registered in PROSPERO before the commencement of the screening process (PROSPERO registration: CRD42020168091)Inclusion criteria
We included peer-reviewed studies, recruiting participants between the age of three and eighteen years, and comparing the diagnostic accuracy of a CPT as stand-alone tool to a reference standard. Accepted measures of accuracy were the sensitivity and specificity (or raw numbers from the classification between individuals with ADHD and without ADHD that permitted their calculation) and/or the AUC. Studies had to report a measure of accuracy for an index of: omissions and/or commissions and/or total number of errors—or, alternatively, combination of scores proposed by the authors of the test to identify inattention, impulsivity, ADHD in general, or overall performance in the task. Therefore, studies combining indexes post-hoc (e.g., using discriminant function analysis) were excluded. The accepted reference standards were as follows: a clinical diagnosis with evidence from parent interview, child observation, and independent evidence of pervasiveness (e.g., school reports); a research diagnosis with parent interview; a clinical diagnosis based on codes (ICD/DSM) in medical records/registries; or clinical diagnosis methods not otherwise specified. Hence, studies in which authors indicated that classification of ADHD was solely based on rating scales were excluded. We included studies regardless of study settings (general population or clinical settings) and design (longitudinal, cohort, or case-control studies). Any type of CPT was accepted, including virtual reality ones. Any temporal difference was accepted between the clinical diagnosis and the utilization of the CPT.
Information source and search strategy 
Searches were conducted in MEDLINE, PsycINFO, EMBASE, and PubMed in three stages. The last search was conducted on January 27th 2023. The full electronic search strategy for each database and search is provided in Table S1 and Table S2, available online. There were no date or language restrictions. Reference lists of potentially relevant studies and related systematic reviews and meta-analyses were also manually searched to detect any possible references missed with our search in electronic databases. The preparation of the search was carried out with the assistance from librarians at the Royal Children’s Hospital, Melbourne.Study selection and data extraction
Screening of titles and abstracts was conducted independently by two authors. Full texts of potentially relevant studies were obtained and judged by two authors to determine final inclusion. The data were independently extracted by two authors for all studies using a standardized, pilot-tested extraction sheet. Discrepancies were discussed and resolved by consensus, with a third author acting as an arbitrator in cases of doubt. Extraction fields were basic descriptive study information (e.g., year of publication, sample size, sample type/setting, sample age, sample gender, conflicts of interest declared by authors), CPT implementation, subscales and thresholds, type of diagnosis, and statistical and methodological considerations, including the AUC and data needed to calculate indices of diagnostic accuracy. For articles written in a language other than English, an internal or external collaborator fluent in that language was asked to review and extract the pertinent data.
Risk of bias in individual studies 
The Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool was chosen to assess the risk of bias across of included studies across four different domains: case selection, index test, reference standard, flow and timing.19 Risk of bias evaluation was performed independently by two study authors; each included study was rated within each domain as having a low, high, or unclear risk of bias. Table S3, available online, shows the signaling questions used in the current systematic review and meta-analysis to indicate a potential increase in the risk of bias.

Data analysis 	
Commercial versions of CPTs typically provide measures of errors of omission and commission for the identification of inattention and impulsivity, respectively, or some sort of proprietary statistic related to errors of omission and commission. Additionally, the total number of errors or some other proprietary combination of measures can be used as a general measure of ADHD. We aimed to pool two types of accuracy indices (AUC; sensitivity and specificity) of inattention/omissions, impulsivity/commissions, and total number of errors/ADHD/overall performance, yielding six main analyses. The AUC is derived from a receiver operating characteristic (ROC) analysis, whereby the true positives are plotted against the false positives for each cut-off point. The AUC can range from 0 (perfectly inaccurate) to 1 (perfectly accurate), with an AUC of 0.5 indicating the tool performs at chance levels. An AUC of 0.7-0.8 is considered acceptable, 0.8-0.9 excellent, and above 0.9 outstanding.20 Sensitivity and specificity relate to the ability of a specific cut-score on a tool to distinguish between cases and non-cases. Typically, a sensitivity between 0.7 and 0.8 (i.e., 80% of the true cases in the population are identified when the sensitivity is 0.8) is considered acceptable in psychiatric settings, with specificity rates as close to 0.8 or higher (i.e., 80% of non-cases correctly identified) used for selection of the optimal cut-off score.21 
Selection of predictor scores
In instances where multiple samples and multiple predictor scores were reported in a single study, we followed a set of decision rules. We selected the predictor that best represented inattention/omissions, impulsivity/commissions, and total score/ADHD when additional outcomes were presented. 
If rate of omissions, commissions or total error rate was reported we used them. Alternatively, if there was a score named “overall score” or “total score” “ADHD score” or similar names, they were selected to represent the CPT Total Score. Alternatives for omission rates were scores named “inattentiveness” or “distraction scores”. Alternatives for commission rates were scores named “impulsivity” or “hyperactivity” If multiple thresholds were used, we selected the one with a sensitivity closest to 0.8 and considered it our main predictor. Additionally, we also extracted the predictor with a specificity closest to 0.8 for a sensitivity analysis. If sensitivity and specificity could not be obtained numerically, but the study included ROC curves, we extracted data using the online tool WebPlotDigitizer (https://apps.automeris.io/wpd/). If multiple independent samples were included (e.g., male and female samples reported separately) we extracted them separately but combined them before statistical pooling. Group sizes were summed to obtain overall sensitivity and specificity whenever possible, otherwise a fixed-effect analysis was carried out to obtain a single measure per study that could be meta-analyzed with the other studies.
Meta-analysis of the Area Under the Curve (AUC)
The AUC was meta-analyzed for our three main CPT predictor measures (omissions/inattention score, commissions/impulsivity-hyperactivity score, total errors/ADHD score) using the ‘meta’ package version 5.2-0 in R-4.2.2. We used the ‘metagen’ command to conduct a generic inverse variance meta-analysis with a random-effects model where the AUC and standard error (SE) of AUC were available.22 We estimated sensitivity following the standard normal distribution whenever they were not reported for a study.23 
We also carried out two sensitivity analyses: (a) excluding any study with a high risk of bias in any of the domains of the QUADAS-2; and (b) limiting the analyses to studies on clinical or high-risk samples, as opposed to studies including community samples. AUCs were also pooled for specific CPT versions whenever more than one study reported on the same measures. 
Heterogeneity was explored through visual inspection of forest plots and the I2 statistic. I2 was used to indicate the percentage of variation across studies due to heterogeneity rather than chance.24 As a general rule of thumb for interpretation, the Cochrane guidelines indicate that I2 between 0-40% might not be important, I2 between 30-60% may represent moderate heterogeneity, 50-90% may represent substantial heterogeneity, and 75-100% considerable heterogeneity. 25 Although we intended to evaluate publication bias, tests are not meaningful when the N of studies is < 10. 
	Meta-analysis of sensitivity and specificity 
Diagnostic accuracy coefficients of sensitivity and specificity were obtained from the study reports or where these were not available, calculated via the construction of a 2 x 2 contingency table providing the true positives, true negatives, false positives, and false negatives, when using the CPT score of omissions/inattention score, commissions/impulsivity-hyperactivity score, and total errors/ADHD score to identify ADHD. Sensitivity and specificity were meta-analyzed using the ‘MADA’ package version 1.0.3 in R-4.2.2, including a bivariate model that jointly analyzed pairs of sensitivity and specificity estimates whilst accounting for their correlation.26,27 Pooled sensitivity and specificity along with 95% CIs were derived from a random-effects model. 
Four sensitivity analyses were performed: (a) using the specificity closest to 80% when multiple values were provided; (b) excluding any study with a high risk of bias in any of the domains of the QUADAS-2; (c) limiting the analyses to studies on clinical or high-risk samples; and (d) excluding Breaux et al.16 (due to being the only study on pre-school children and which had a time-lag between the CPT and the clinical evaluation). SROC curves were pooled for specific CPT versions whenever possible. Heterogeneity was explored through visual inspection of forest plots and the I2 statistic.

Results
The flow chart in Figure 1 depicts the searching and screening process. Overall, we screened 8507 references, from which 433 were assessed for eligibility checking the full text. Reasons for the exclusion of articles moved to the full text evaluation phase can be found in Table S4, available online. Finally, nineteen studies were included in the current review.15–17,28–42
Characteristics of included studies
Included studies are described in Table 1. Eleven studies (58%) were published in the last 10 years. Samples were recruited from the US (k = 7, 37%), East Asia (k = 6, 32%), Israel (k = 3, 16%) and Sweden (k = 3, 16%), mostly in clinical settings (n=15, 79%). Most studies included only or mostly children under the age of 13 (n=13, 72%), whereas two recruited adolescents and four studies included both children and adolescents. As expected from the distribution of ADHD in the population, there were more male than female individuals  in most studies. 
Different implementations of the CPT were employed across the studies: the CCPT was the most frequently chosen measure (n=6), followed by the IVA+ (n=4), TOVA (n=3), MOXO (n=2), the Quantified Behavioral Test (qbTest; n=2), and other or unnamed versions (n= 2). We were not able to find any study on virtual CPTs reporting clinical utility data. Only a single study compared two different CPTs.32 The characteristics of the CPTs  used in the included studies are described in Table S5, available online. 

Risk of bias
The results of the assessment via the QUADAS-2 can be found in Figure 2 and Table S6, available online. Additional information can be derived from Table 1. Most studies were judged to have a high risk of bias in at least one domain. The most frequent was related to participant selection and, more specifically, to designs involving cases and controls. Over 50% (n=10) of the studies employed a non-consecutive case-control design. This can lead to biased estimates of sensitivity and specificity because more typical examples of individuals with and without the disorder might be selected for participation. Additionally, eight studies recruited controls from the general population, hence reducing the real world applicability of their results, as CPTs are typically used to identify ADHD among individuals who have identified mental health concerns (i.e., referred to a mental health clinic). 
Eleven studies reported AUCs, and 17 reported sensitivity and specificity. Out of the latter, two were likely to have introduced bias in their estimations as the threshold used was the one that best identified ADHD in the study sample. Regarding the applicability of the studies in relation to the CPT predictors used, Jarrett et al.28 used as outcomes of the CCPT the Hit Reaction Time (HRT) and its standard error (HRT-SE). Because no other study used these measures in isolation, it was decided to exclude this study from the quantitative synthesis.
Nine studies (47%) employed a ‘gold standard’ reference combining information from interviews and multiple informants to diagnose ADHD, whereas four (21%) used parent interview only. Importantly, a third of the samples did not provide details on how the clinical diagnosis was carried out. One study was deemed to be at a high risk of bias in relation to the diagnostic process, as it included the CPT as one of the tests used as reference-standard for diagnosis. Finally, all studies but one evaluated a cross-sectional relationship between the diagnosis of ADHD and the results in the CPT (without any time lag), whereas Breaux et al.16 used the CPT with three-year-old children to determine whether CPT scores predicted ADHD diagnoses at age six. 
CPTs´ computerized implementations can be commercially viable, especially when their use is supported scientifically. Hence, a reasonable source of potential bias can be the economic ties among authors of the studies and the companies selling the CPTs. Authors in three studies reported a direct financial conflict of interest or to have received funding from the companies selling CPTs. Conversely, authors in ten studies reported no conflicts of interest or potentially problematic funding. Seven studies did not provide a conflict of interest or funding section, precluding analysis of this potential moderator variable (Table S5). 
Quantitative synthesis
Threshold-based statistics of clinical utility are reported alongside AUCs in Table S7, available online. 
Area Under the Curve
Table 2, Tables S9-S10, and Figures S1 to S14, available online,  summarize the results of pooling the AUCs. AUC was reported in ten samples for the CPT total score or ADHD index. However, six of these were derived from the study by Berger et al.15 and corresponded to different age ranges within the same study. To account for the non-independence of these data and the excessive weight that would be given to this study in a random effects analysis, we first conducted a fixed-effect analysis including solely the samples within the same study, the outcome of which was used in the random effects along the effect sizes from the other studies. Hence, the final analysis included five effect sizes. 
A similar strategy was followed in the case of omissions, commissions, and sensitivity analyses. The AUC for the total score was 0.73 (95% CI=0.60, 0.87) derived from pooling the results over 632 cases and 837 controls. The AUC for omissions was similar, while it was obtained from a greater number of individuals (1083 controls and 966 cases from 8 different samples): 0.71 (CI=0.63, 00.80). The AUC for commissions was calculated by pooling results of 5 samples comprising 635 cases and 865 controls; it was somewhat lower, with a pooled AUC of 0.63 (0.53, 0.72). Heterogeneity was above 90% in all cases. When differentiating between CPT versions, MOXO obtained higher pooled AUCs than the IVA+ and CCPT, although all effect sizes were obtained by pooling data from only two samples or even a single sample. The AUC dropped to between .57 and .64 when only studies with low risk of bias were included. Heterogeneity was reduced when comparing CPT versions or including solely studies with low risk of bias. Limiting the analyses to studies on clinical and high-risk samples resulted in reduced AUCs (0.62 for total score, 0.65 for omissions, and 0.58 for commissions) (Table S10).
Sensitivity and Specificity
Table 2, Tables S11 to S14, and Figures S15 to S33, available online, summarize the results of pooling sensitivity and specificity.
Summary ROC curves yielded results in line with the previous analysis. When predictors dealing with total number of errors or a general ADHD scale were pooled, the AUC was 0.78, the pooled sensitivity was 0.75 (CI=0.66, 0.82) and the specificity was 0.71 (0.62, 0.78), with 819 and 835 combined cases and controls respectively from a total of eleven samples. For omissions (690 cases and 597 controls from 9 samples), AUC was 0.75, sensitivity 0.63 (CI=0.49, 0.75) and specificity 0.74 (CI=0.65, 0.81). Once again, the lowest numbers were obtained for commissions (444 cases and 451 controls from 7 samples), with AUC at 0.66, sensitivity 0.59 (CI=0.38, 0.77) and specificity 0.66 (CI=0.50, 0.78). Heterogeneity ranged between 76% for omissions to 86% for commissions. Importantly, thresholds chosen to obtain sensitivity and specificity varied between studies. Using the data point with a specificity closest to 0.8 (as opposed to the sensitivity closest to 0.8) as the selection rule for studies with multiple, similarly valid, predictors did not change overall results. When only studies with no risk of bias were pooled, AUC dropped to between 0.34 (commissions) to 0.72 (total errors); total errors had a sensitivity of 0.73 (CI=0.49, 0.88) and a specificity of 0.69 (CI=0.60, 0.76), omissions had a sensitivity of 0.58 (CI=0.37, 0.77) and a specificity of 0.71 (CI=0.39, 0.90); and commissions had a pooled sensitivity of 0.33 (CI=0.18, 0.53) and a specificity of 0.49 (0.12, 0.87). Limiting the analyses to studies on clinical and high-risk samples did not substantially change the results in relation to total scores, however it reduced the sensitivity and specificity for errors of omission and commission (see Table S10, available online, and figures S25-S30, available online). Eliminating Breaux et al.16 did not substantially change the results (Table S14, available online, Figures S31-S33, available online). MOXO again appeared as an outlier compared to the other CPT versions, with higher sensitivity and specificity for all measures. Conversely, heterogeneity was lower when comparing CPT versions or including solely studies with low risk of bias.
Discussion
In this systematic review and meta-analysis, we have provided overall estimations of the Area Under the Curve, sensitivity, and specificity for three key predictor measures from CPTs: overall number of errors, omissions, and commissions, judged in relation to ADHD clinical diagnoses. To our knowledge, this is the first meta-analysis of measures of clinical utility of the CPT in ADHD. These measures of clinical utility specifically address the question of how well a tool distinguishes between two groups: in our case, children and adolescents with ADHD vs. control youth. This approach differs from a previous meta-analysis that pooled the means across groups on the CPT, which can only estimate the average difference between individuals with ADHD and controls in the measure of interest. Hence, our results are more easily translatable into practice in mental health settings and should help develop clearer best practice guidelines. Moreover, studies reporting on group averages do not provide measures of clinical utility for the most part. Hence, the present meta-analysis can be also seen as a separate but convergent line of evidence on the utility of the CPT for the identification of ADHD. 
Our results indicate that performance of the CPT against a clinical diagnosis is not strong. Indeed, in most cases the AUC, sensitivity, and specificity of the CPT are in the lower range of what is typically considered acceptable, hovering around a value of 0.7. Such values preclude the usage of the CPT as a stand-alone screening tool in a population setting. Indeed, even in a clinical setting where the prevalence of the disorder is likely to be considerably higher, the CPT would still misidentify many subjects and should not be considered a valid diagnostic tool when used independently. Also, it important to note that there are no agreed cut-offs that were used across different studies, leaving clinicians uncertain in relation to how to implement CPT, even if metrics were better. There was one case when the AUC dropped to .49 (commission errors AUC in Edwards et al. 40). The other AUC indices were also under 0.6 for this study. This means that the CPT in Edwards et al. basically performed at chance level. While it is the result of a single study, it was the study judged to have the lowest risk of bias among those in the meta-analyses. If the results of this study were replicated, they would question even the value of the CPT in combination with other measures, as AUCs around 0.5 will hardly improve sensitivity or specificity at any given threshold. 
	If CPTs are used, even as supplementary measures, as part of an ADHD assessment, the present results indicate that ADHD is best identified by the overall scores provided by the different CPT implementations (either the total number of errors or a specifically tailored score of ADHD). Closely following, however, were measures of the number of omissions and inattention. The lowest clinical utility was found in the impulsivity/commission measures (with respect to AUCs or the sensitivity/specificity analyses), where all values dropped under the 0.7 threshold—considered unacceptable. This conclusion is in line with previous meta-analyses revealing greater differences between individuals with ADHD and controls in omission than in commission errors.9,11 Clinicians should be aware of these differences in accuracy between the different indices when considering using the CPT as a part of a diagnostic process.
Although we aimed to compare different commercial implementations of the CPT, we were unable, due to the nature of the available data, to obtain a clear picture in this regard. Indeed, CPT implementations vary in their duration, type of stimuli, and visual design all of which could be affecting performance. When taken at face-value, our analyses suggest a higher accuracy for the MOXO compared to other CPTs. However, our confidence in this difference is low and might not replicate in future studies. On the one hand, there were very few studies per implementation, on the other, the studies on the MOXO had a high risk of bias. Specifically, the threshold for which sensitivity and specificity were reported in Berger 2017 was the one that best separated cases from typically developing population controls, and hence, was likely to have inflated the clinical utility measures. Additionally, authors of MOXO studies were involved in its development and commercialization, suggesting a direct conflict of interest. Of note, we were only able to find a single head-to-head study comparing two different CPTs; specifically the TOVA and CCPT, with better results for the CCPT.32 Relatedly, we were not able to find any study on virtual reality CPTs that met our inclusion criteria and reported measures of clinical utility. This was a surprising finding considering the popularity of such measures in recent years. A future avenue of research should be studies directly comparing the clinical efficacy of different versions of the CPT, including virtual reality CPTs. 
We found that risk of bias was rather strong in the studies reviewed, especially related to  selection of cases. Most studies used a non-consecutive case-control design, which is likely to overestimate the differences between groups as clear-cut cases and controls are more likely to be recruited. Indeed, when studies with any risk of bias were eliminated from the analysis, the estimation of the pooled clinical utility of the CPTs was reduced, as was heterogeneity. We therefore urge that future studies should also aim to utilize more robust research designs. Regarding the reporting of effects, future studies should report the sensitivity and specificity at multiple unbiased cut-offs, in order to facilitate comparisons between studies and CPT implementations.43 Our systematic review also highlights other important limitations of the existing literature. Overall, studies were few and had low sample sizes. There was a greater number of studies in children versus adolescents, and, generally, studies did not report race and ethnicity of participants or included predominantly White non-Hispanic samples. Therefore, future studies should aim to include larger samples and should be carried out in more age, ethnic or geographically diverse populations so that results can be more easily generalized to the overall population of individuals with ADHD. Additionally, studies should strive to use gold-standard diagnoses and/or better describe the diagnostic approach used. 
[bookmark: _Hlk126425462]Overall, these findings strengthen the best current practice recommendations and mirror results found in relation to symptom rating scales for ADHD.13,43 Although CPTs and validated questionnaires of symptoms can help in the identification of ADHD, they are far from ideal, especially as stand-alone measures. Indeed, functional impairment and differential diagnostic issues need to be clarified as well in the diagnostic process. However, the specific case of the CPT raises a different, and maybe more epistemological debate. The level of granularity and level of analysis for neuropsychological measures such as the CPT is quite different from that used in the diagnostic manuals, namely overt specific behaviors in real-world settings.44 Indeed, whereas all individuals with ADHD will by definition have several of the core ADHD symptoms, ADHD is cognitively and behaviorally heterogeneous, with only a proportion of those with ADHD actually revealing a deficit in any one neuropsychological domain.45 Studies assessing whether combining the CPT with other measures improves sensitivity and specificity are warranted. However, even if data were available, their combination through meta-analysis would not be feasible. An issue for our current meta-analysis is that primary studies used different thresholds and tools. This problem would be compounded in a meta-analysis combining multiple tools, as there will be a very broad number of combinations of thresholds. Moreover, the weighting of each independent measure is as important as the independent thresholds. In this regard, the utilization of a CPT in the evaluation process is best used to characterize core deficits with potential clinical and prognostic value for an individual rather than providing information that can be used to determine diagnosis.46 Nevertheless, our meta-analysis provides an easy to interpret benchmark that permits the comparison of the clinical usefulness of the CPT against other tools, such as symptom scales, and between specific versions of the CPT. 
In short, despite considerable research literature on CPT measures in the domain of ADHD, they show limited clinical utility in the differentiation between individuals with and without ADHD.
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