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ABSTRACT
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Background: Predicting the nocebo response in randomized controlled trials (RCTs) is crucial as
it can help minimize its influence and improve the evaluation of the side effects of interventions
for ADHD. The aim of this study is to determine the effect of covariates related to study design,
intervention, and patients’ characteristics on the nocebo response in patients with Attention
Deficit Hyperactivity Disorder (ADHD) using Metaforest, and, ultimately, to investigate
Metaforest’s performance in predicting nocebo response in ADHD RCTs.

Methods: This study is a secondary analysis of a previously published systematic review [1].
Nocebo response was defined as the proportion of patients experiencing at least one AE while
receiving placebo. We used Metaforest for investigating patient-, intervention, and study
design-related nocebo response moderators in ADHD RCTs.

Results: One hundred and five studies were included. Overall, 55.4% of patients experienced at
least one AE while receiving placebo. However, between-study variability on nocebo response
was very high with nocebo response ranging from 4.2% to 90.2% leading to high statistical
heterogeneity (1> = 88.3%). Older patients showed a higher nocebo response. The moderating
effects of the year of publication, treatment length and gender were also significant. The
predictive performance of the model was low-moderate (R? test =0, 1922; MSE = 0, 0408)

Conclusions: Age was the most important nocebo response modifier, followed by year of
publication, treatment length and gender. Metaforest lacked the capability to predict nocebo
responses in future studies.\

Keywords: Metaforest, Nocebo Response, ADHD, placebo, heterogeneity

INTRODUCTION

Importance of the Study:
e Understanding Nocebo Response in ADHD
e Optimizing Clinical Trial Methodologies
¢ Identifying Influential Factors (age, publication year, treatment duration, gender)
e Addressing Wide Response Variability
e Challenges in Predicting Nocebo Responses

e Improving Patient Care and Outcomes

The Plain Language Summary (PLS):



This research focuses on understanding and predicting the nocebo response—when patients
experience side effects from placebos—in individuals with Attention Deficit Hyperactivity
Disorder (ADHD) participating in clinical trials. By analyzing various factors like study design,
treatment specifics, and patient traits, the study employs a specialized approach called
Metaforest to explore how these variables influence the nocebo response. The investigation
encompasses 105 ADHD studies, revealing that 55.4% of patients encountered side effects while
receiving placebos. However, the extent of variation across studies, ranging from 4.2% to 90.2%,
leads to significant difficulty in drawing precise conclusions. The study identifies age as the
primary influencer of the nocebo response, with older patients reporting more side effects.
Additionally, publication year, treatment duration, and gender emerged as significant factors
affecting the response. Although efforts were made to predict nocebo responses using
Metaforest, the model's predictive accuracy was only moderately effective. To sum up, this
research enhances our comprehension of how distinct elements shape nocebo responses in
ADHD patients, highlighting age, publication year, treatment duration, and gender as key
influencers, even though accurate prediction of these responses using the Metaforest method
presents challenges.

1. Nocebo response

The nocebo response, akin to the placebo effect, is grounded in well-established theoretical
mechanisms such as expectancy—preconceived beliefs that can elicit a response to an inactive
product as anticipated—and conditioning—where previous exposure to an active product
creates memories that can induce similar effects with an inert substance [1, 2]. Despite
extensive focus on the placebo response, the nocebo response has not been as thoroughly
examined in clinical trials and medical practice [3], understanding and mitigating the nocebo
response are crucial for improving patient outcomes and treatment adherence. The current
literature on the nocebo response in psychiatric disorders is scarce and tends to focus on
depressive ones, describing significant nocebo response in randomized clinical trials (RCTs) [4],
which compromises adherence and efficacy of current treatments in clinical practice [5]. There
has been limited research on bipolar disorder [6], schizophrenia [7], or other mental disorders.
The state of the art in Attention Deficit Hyperactivity Disorder (ADHD) is even less established.
One meta-analysis [8] studied the nocebo response in ADHD but presented several limitations,
namely: the nocebo response was a secondary outcome, since it was defined as the proportion
of patient dropping out due to adverse events (AEs), its scope was restricted to moderate-severe
AEs, and the sources of between-study variability in the nocebo response were not assessed.

The study by Ramirez-Saco et al. (2022) [1] was the first to primarily investigate nocebo response
in ADHD patients. The covariates examined included age, treatment duration, method of AE
collection (systematic vs. non-systematic), and type of ADHD treatment (stimulant vs. non-
stimulant). These factors were used to explore the between-study variability in nocebo
response. This study identified a notable nocebo response in ADHD, with 55.5% of patients in
ADHD RCTs experiencing at least one adverse event while on placebo. This result aligns with
findings in other psychiatric conditions such as depression [9, 4] and is somewhat lower than
those reported in bipolar disorder [6] and schizophrenia [7]. It exceeds previous estimates of the
nocebo response in ADHD [8].

Predicting the nocebo response in RCTs is essential to reduce its impact and enhance the
assessment of side effects for ADHD interventions. Ramirez-Saco et al. (2022) [1] explored the



influence of covariates related to study design, interventions, and patient characteristics on the
variability in nocebo response across studies. This investigation used meta-regression to provide
regression coefficients that indicate the strength and direction of relationships between study-
level variables and effect sizes. Positive correlations were identified with age, treatment
duration, and methods for collecting adverse events, whereas type of drug and psychotherapy
showed negative correlations. However, this analysis accounted for only 40% of the variability
in nocebo response across ADHD studies, suggesting the need to explore alternative methods
beyond meta-regression. Metaforest is a relatively new machine learning method that adapts
the random forest algorithm to meta-analysis and enables investigating the sources of variation
causing observed effects to differ from one RCT to another [10]. Metaforest combines the
output of multiple decision trees within the context of meta-analysis to produce a single result.
For classification tasks, the output of the random forest is the class selected by the majority of
trees. For regression tasks, the mean or average prediction of the individual trees is returned.
Random decision forests correct for the tendency of decision trees to overfit to their training
set, and they generally outperform individual decision trees. Metaforest offers several
advantages over meta-regression, the statistical method most commonly used to investigate the
sources of between-study variability: 1) it is robust to overfitting, 2) it captures non-linear
relationships, 3) it performs variable selection, reducing the chances of selecting irrelevant
variables as relevant, and 4) it handles interactions between moderators. Although random
forests lack the intuitive appeal of single trees, they provide a useful metric for interpreting the
overall importance of moderators, or “variable importance”. Metaforest has previously been
used in climate research [11] and studies of early life stress in animal models [12], but its use in
medicine is rare [13].

This study aims to determine the effect of covariates related to study design, intervention, and
patients’ characteristics on the nocebo response in patients with ADHD using Metaforest, and,
ultimately, to investigate Metaforest’s performance in predicting nocebo response in ADHD
RCTs. Our study differs from Faraone et al. (2021) [8], which focused on patient dropouts due to
AEs. We examine the broader occurrence of adverse events and employ a novel analytical
approach using the Metaforest algorithm. This allows us to better identify patient and study
characteristics influencing nocebo response, providing a deeper understanding of between-
study variability.

METHODS

This article reports a secondary analysis of the systematic review conducted by Ramirez-Saco et
al. (2022), which followed a pre-specified protocol registered in PROSPERO (CRD42021242733).
The methodology applied aligns with the original protocol. [1].

Study Design and Inclusion / Exclusion Criteria

We performed a meta-analysis using the Metaforest technique on RCTs that evaluated the
efficacy and safety of various pharmacological treatments for ADHD, as defined by the DSM-III-
R, DSM-IV, DSM-IV-TR, or DSM-5, without age restrictions. Of the 350 studies originally
identified, 105 trials were selected based on pre-specified criteria. We excluded withdrawal
RCTs, studies with a placebo lead-in phase, and those focusing on non-core ADHD symptoms.
The included studies had a double-blind phase lasting at least one week.Source of Data



Data was sourced from the Minerva Database on January 2, 2021. The Minerva Database [14]
contains detailed information on all RCTs that have assessed the efficacy and safety of
pharmacological treatments for ADHD. This database is updated weekly using data from
Medline, CENTRAL, and PsycINFO. By January 2021, the Minerva Database included information
from over 350 RCTs, documented in more than 700 scientific publications, regulatory
documents, industry reports, and clinical trial registries. These RCTs were identified through
systematic search methods. While the last search was completed in January 2021, the
comprehensiveness of the database ensures that the data remains relevant and robust. Minerva
captures approximately 2,250 variables per study, covering study design, patient and
intervention characteristics, physiological data, and risk of bias assessed with the Cochrane
Collaboration tool (The Cochrane Collaboration. Retrieved from https://handbook-5-
1.cochrane.org/) [15]. The Cochrane Collaboration tool assesses the risk of bias for each study
by categorizing it as “low” (indicating all domains have low risk), “high” (indicating at least one
domain has high risk), or “unclear” (risk is uncertain). Previous studies have demonstrated the
utility of the Minerva Database [16,17, 1].

Study authors and pharmaceutical companies were contacted via email to request any missing
data. If some information remained missing despite these efforts, it was addressed using
Multiple Imputation by Chained Equations (MICE) [18]. MICE is a technique for handling missing
data by making assumptions about the missing data mechanism, such as data being missing at
random.

Study of Variables

The dependent variable of interest was the nocebo response, defined as the proportion of
placebo recipients who experienced adverse events (AEs). Various covariates were collected,
including:The mean age of participants was reported for each randomized controlled trial (RCT),
along with the gender distribution, focusing on the proportion of men. The ethnicity of
participants was also documented, specifically highlighting the proportion of Caucasians in each
study.

To assess the baseline condition of the participants, the baseline ADHD severity was measured
using DSM-based ADHD rating scales. Additionally, the dataset indicated whether participants
were treatment-naive, meaning they had not received any prior treatment for ADHD. The type
of drug administered was classified as either a psychostimulant or a non-stimulant, and the
treatment regimen was described as either fixed or flexible dose. The duration of the
intervention in weeks was also recorded for each trial.

The use of concomitant psychotherapy was noted, identifying whether participants received
any form of psychotherapy alongside their medication. The legal status of the drug—whether
it was FDA-approved or not—was another key factor. Additionally, the number of study sites
involved in each RCT was reported, and whether a placebo lead-in phase was included was
also documented. The dataset also included the probability of receiving placebo, expressed as
the percentage of patients assigned to placebo treatment relative to the total number of
participants.

The study design was categorized as either parallel or cross-over, and the inclusion of
participants with comorbid conditions was also recorded. The method of adverse event
collection was described as either open or systematic, depending on the reporting process
used in each study. Furthermore, the sponsor of the study was identified as either commercial
or non-commercial, and the year of publication was noted to provide a temporal context.
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Finally, the dataset indicated whether the trial included participants from the USA and
classified the risk of bias in each study as either high, low, or unclear.

Study Procedures and Statistical Analysis

The nocebo response was calculated as the number of patients receiving placebo who
experienced AEs during the double-blind phase divided by the number of patients allocated to
placebo.

Before performing Metaforest, missing data were imputed. Afterwards, the presence of
multicollinearity was examined using the generalized variance inflation factor [19].

Metaforest was performed following established methods [20]. First, the study database was
randomly split into a training set (70%) and a test set (30%). The Metaforest model was trained
using the “training dataset,” and the accuracy of its predictions for nocebo response was
evaluated using the “test dataset”.

To expedite the computational process, the optimal number of trees for the Metaforest model
was determined, ensuring convergence of the model.

To prevent overfitting, a pre-selection of moderators was conducted by means of Metaforest-
recursive feature elimination algorithm. This method involved replicating the analysis 100 times,
eliminating the moderator with the most negative importance in each replication, until a set of
moderators with only positive importance was obtained. The importance of the moderators was
assessed by randomly permuting the values of a moderator, nulling its relationship with the
output, and evaluating its impact on the predictive performance of the model. Permutation
importance considers the contribution of a variable individually, as well as in interactions with
other variables. Therefore, if a variable has high permutation importance but does not appear
to have a significant main effect on the outcome, it suggests that the variable may be influential
in interactions with other variables.

The model’s hyperparameters were adjusted experimentally. First, the number of candidate
variables considered at each tree node for splitting the branches was varied from 2 to 10.
Second, the minimum number of cases required to remain within a branch after splitting was
also varied from 2 to 10. These two parameters already exist in Random Forest, but in
Metaforest, a third parameter is introduced, which is the method for RCT weighing in the
analysis. The weighing method can be uniform, fixed, or random. Optimal values for these
hyperparameters were obtained from k-fold cross-validation over the training dataset [21]. In
this study, 10-folds were considered. All possible combinations of parameter adjustments were
tested, and the combination with the lowest root mean squared error (RMSE) value was
selected. The hyperparameters tuning process was performed using the caret package.

The predictive performance of the model was evaluated using two indicators: R?, and MSE.
These indicators were calculated based on the predictions made by the trees using the test set.

RESULTS

Patient, Intervention and Study Characteristics



A total of 105 RCTs met the inclusion/exclusion criteria of this study, involving 8,743 patients
who received placebo. Missing data imputation showed a similar distribution to the observed
ones, and no multicollinearity among the covariates was found.

Patients had a mean age of 23.6 years and were mostly males and Caucasians. Overall, patients
exhibited moderate-severe ADHD symptom severity at baseline.

Of the 105 studies, 41% focused on stimulant medications, while 59% investigated non-
stimulants. Most studies investigated approved drugs for ADHD treatment, with over half of
them employing a flexible dose regimen and not providing concomitant psychotherapy. The
average duration of treatment was 9.0 weeks.

In terms of study characteristics, most studies were multicentric, did not employ a placebo lead-
in phase prior to randomization, used systematic methods for collecting AEs such as
questionnaires or checklists, and had a parallel design. On average, the probability of receiving
placebo was 39.9%.

In relation with “other covariates”, most studies were conducted in the USA and were published
in 2006 or later. A little over a quarter of RCTs were considered to have a high risk of bias, with
a high dropout rate amongst patients receiving placebo during the RCTs being the most common
cause of bias.table 1.

Characteristic Mean (SD) or %
Age 23.6 (12.1) years
Male 63.6%
Caucasian 70.2%

Children (<12 years) 26 studies
Adolescents (13-17) 10 studies
Adults (218 years) 42 studies

Table 1: Patient, Intervention, and Study Design Characteristics
Nocebo Response Moderators’ Analysis

Overall, 55.4% of patients experienced at least one AE while receiving placebo. However,
between-study variability was very high with nocebo response ranging from 4.2% to 90.2%
(Electronic Supplementary Material (ESM) 1) leading to high statistical heterogeneity (12 =
88.3%).

Metaforest analysis using the training dataset converged to approximately 2000 trees (ESM 2).

The analysis of the effect of covariates on nocebo response showed no influence of the number
of sites, legal status of the drug, probability of receiving placebo, type of drug, sponsor,
treatment regimen, psychotherapy, risk of bias, treatment naivety as an inclusion criterion,
comorbidity as an inclusion criterion, and placebo lead-in (ESM 3). Based on this preselection,
age, year of publication, method for collecting AEs, gender, ethnicity, study design, region,
baseline ADHD severity, and treatment length remained as potential nocebo response
moderators. While age, gender, region, and method for collecting AEs correlated positively with



nocebo response, study design and year of publication showed a negative association and
baseline ADHD severity, ethnicity and treatment length showed other association. The
predictive performance of the model was found to be low-moderate (R? test =0, 1922; MSE =
0, 0408)

Considering the suboptimal predictive performance of the model and the primary goal of the
study, which was to identify the impact of covariates on the nocebo response, we carried out a
post hoc analysis employing the full dataset. This post hoc analysis adopted a more conventional
statistical methodology, as opposed to a machine learning approach, with the principal focus on
investigating the impact of covariates on the nocebo response, without taking into account the
model’s performance. This analysis converged at 1,000 trees (ESM 4) and revealed that nocebo
response had the same associations as the analysis using training dataset (Figure 1).When
compared to meta-regression (ESM 5), it was found that type of drug and psychotherapy did not
moderate nocebo response, while study design, gender, ethnicity, baseline ADHD severity,
publication date, and region did.
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Figure 1: Summary of the variable importance and the direction of its effect on nocebo response
using the entire dataset.

DISCUSSION

We investigated the effect of patient-, intervention-, and study design-related covariates on
between-study variability in nocebo response in ADHD using Metaforest and evaluated the
model’s performance. A positive association was found with age, region, gender, and method
for collecting AEs, while study design and year of publication had a negative association. Other
type of association was found with treatment length, ethnicity and baseline ADHD severity.
However, it was found that the constructed model exhibited inadequate performance,
suggesting a lack of predictive capability. We repeated the analysis using the entire dataset.
This post hoc analysis represents a more traditional statistical approach, focused on exploring
the effects of covariates on the nocebo response in the analyzed dataset rather than on the
model’s generalizability to other data sets. This post hoc analysis yielded similar findings to the
primary one.

The Metaforest analysis identified age as the single most important moderating variable. Older
patients exhibited a higher nocebo response, which could potentially be because the
expectation of experiencing AEs may rise with age. An alternative explanation could be that
AEs may go unnoticed in children, emphasizing the importance of accurately recording AEs in
this population.

The moderating effects of the year of publication, treatment length, and gender were also
significant. It is worth noting that the year of publication has also been identified as an
important moderator of the placebo response in ADHD [17] and in schizophrenia [22],
depression [23], obsessive compulsive disorder [24], and bipolar disorder [25]. It could be that,
as awareness about the safety of ADHD treatments has grown in the public eye has grown,
patients’ and clinicians’ expectations of treatment safety may have increased, leading to
reduced nocebo response over time. On the other hand, conflicting evidence exists regarding
the influence of gender on placebo and nocebo responses in psychiatric and neurological
diseases [26]: many meta-analyses detected higher nocebo response in women, while it was
lower in other conditions such as neuropathic pain [27]. Metaforest found treatment length to
have a non-linear relationship with nocebo response, which deserves further investigation.

The influence of ethnicity, method of collecting AEs, study design, baseline ADHD severity and
region on nocebo response were of minor relevance. However, it must be emphasized that the
method of collecting AEs emerged as a critical moderator of the nocebo response when meta-
regression was used to analyze the between-study variability on nocebo response [1]. This
finding underlines that Metaforest and meta-regression can produce different results even
when used to analyze the same data set. A methodological implication can be inferred from our
research: it may be advisable to use both methods to identify potential moderators in future
studies. This could aid minimizing false positive associations by only considering as effect
moderators those covariates found to be associated with the dependent outcome using both
methods. An alternate approach might involve initially using Metaforest to select the covariates
to be later included in the meta-regression analysis, as the latter method provides coefficients
for each covariate, thus offering a quantitative explanation of the results.



Random forests provide a measure of explained variance analogous to R? in meta-regression. In
our study, R?=0,1922, while in (Ramirez-Saco et al., 2022) [1] study, R? =0.4. When comparing
these two values we can conclude that meta-regression explained the variability better than
Metaforest.

Limitations and strengths

Despite the large number of trials analyzed, given the fact that between-study variability is also
high (1> = 88.3%) more trials are required to fully identify the sources of such variability.
Unfortunately, there are no established methods for determining the necessary sample size for
Metaforest analysis. To bolster statistical power, the analysis was conducted using the entire
dataset; however, this approach primarily offers a descriptive overview of the current literature
with limited applicability to future studies.

Additionally, while we have incorporated most covariates examined in other research, some
significant factors may have been overlooked, such as illness duration [28], which is often not
reported in ADHD trials. Ecological bias refers to the potential misinterpretation of results when
conclusions about individuals are drawn from group-level data. In this study, the meta-forest
analysis relies on aggregated data, meaning that the findings should be interpreted with caution,
particularly when considering individual-level effects.[29]. Furthermore, certain categories (e.g.,
region or comorbidities) show skewed distributions. To address class imbalances, we
consolidated studies into broader categories such as “Not US” or “comorbidity as an inclusion
criterion.” This approach simplifies statistical analysis but results in a loss of detailed
information. Fifthly, regarding the type of drug, non-stimulants comprise a heterogeneous
group (multiple drugs whose common link is the absence of psychostimulant effects), and
caution must be exercised when interpreting any findings.

The Metaforest model constructed failed to demonstrate sufficient predictive potential, thereby
indicating its inability to generalize findings from training to testing datasets and subsequently
undermining the prediction of nocebo responses in future ADHD RCTs. This could imply a low
external validity of our study. It is essential to highlight that while most investigations into the
moderating effects of covariates do not assess model performance, such testing should be
deemed a standard practice as it provides insights into the external validity of the studies.

Despite these limitations, our study's strengths stand out. We pioneered the use of Metaforest
to analyze between-study variability in nocebo responses, expanding the method's applicability.
Our findings, distinct from those of meta-regression, underscore the value of employing both
methods in future investigations.

Conclusions

In conclusion, our study investigated the impact of various patient-, intervention-, and study
design-related covariates on between-study variability in nocebo response in ADHD using
Metaforest, and evaluated the model’s performance. We found that age, region, gender, and
method for collecting adverse events (AEs) had a positive association, while study design and
year of publication had a negative association with nocebo response. Other variables such as
treatment length, ethnicity, and baseline ADHD severity showed different types of associations.
However, our model demonstrated inadequate performance, highlighting a lack of predictive
capability. A post hoc analysis confirmed these findings, indicating that while Metaforest offers



valuable insights, it may not always outperform traditional meta-regression in explaining
variability.

Age emerged as the most significant moderator, with older patients showing a higher nocebo
response, possibly due to increased awareness of AEs. The significance of publication year,
treatment length, and gender as moderators was also noted, aligning with findings in other
psychiatric and neurological conditions. Despite the minor relevance of other factors, our study
underscores the importance of accurately recording AEs, especially in children.

Our research highlights the methodological value of using both Metaforest and meta-regression
to identify potential moderators, as each method may yield different results. This dual approach
can help minimize false positives and provide a more comprehensive understanding of the
factors influencing nocebo response.

While the main limitation was the insufficient number of included RCTs, affecting the statistical
power, and potential ecological bias, the strengths of our study lie in its innovative application
of Metaforest to explore between-study variability in nocebo responses. This study suggests that
integrating both Metaforest and meta-regression analyses can enhance the robustness of future
research in this field.
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ESM 1. Nocebo response distribution
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ESM 3: Variable importance using the training dataset



ESM 4. Convergence plot using the entire dataset

ESM 5. Covariates identified as nocebo response moderators by Metaforest and meta-
regression
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Metaforest Meta-regression
Age Yes Yes
Gender (% men) Yes No
Ethnicity (% Caucasian) Yes (other) No
Baseline ADHD severity Yes (other) No
Naivety as inclusion criterion No No
Type of drug (psychostimulant) No Yes
Treatment regimen No No
Treatment length (weeks) Yes (other) Yes
Psychotherapy No Yes
Legal status of drug (approved for ADHD) No No
Number of study sites No No
Placebo lead-in phase No No
Probability of receiving placebo No No
Study design (parallel) Yes No
Comorbidity as inclusion criterion No No
Method for collecting AEs (proactive) Yes Yes
Sponsor (commercial) No No
Publication date (year) Yes No
Region Yes No
Risk of bias No No

ESM 5: Covariates identified as nocebo response moderators by Metaforest and meta-
regression (from Ramirez-Saco et al., 2022)
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