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Editorial on the Research Topic
 Women in psychiatry 2021: Neuroimaging and stimulation




With the Research Topic series Women in Psychiatry, Frontiers in Psychiatry offers a unique platform to promote the work of female scientists across all fields of Psychiatry. It thereby increases visibility of female scientists by showcasing the depth of talent and the excellence and innovativeness of their work. We are proud to showcase in this Research Topic Women in Psychiatry – Neuroimaging and Stimulation nine excellent contributions to the field, all first and/or last-authored by our female colleagues.

Studies were performed across a wide variety of populations, ranging from healthy individuals to individuals with psychiatric disorders, and across different neuroimaging and brain stimulation methods.

Two papers contribute to understanding healthy brain development. van Aalst et al. conducted a yoga intervention in healthy young adult females and showed effect on behavioral but not on multimodal imaging biomarkers. Blok et al. applied normative modeling in a large longitudinal dataset of T1-weighted images from the Generation R population study to establish typical development curves for (sub-)cortical volume and cortical thickness and showed how trajectories deviate in the presence of psychopathological symptoms.

Several papers contribute to advancing our understanding of the effect of treatment on outcome and symptoms of psychiatric disorders. Kahn et al. describe the effect of deep brain stimulation in patients with obsessive-compulsive disorder and psychiatric comorbidity while Baumann et al. report the findings of the effect of Transcranial Direct Current Stimulation in anorexia nervosa. Moreover, the effects of lithium response were investigated on amygdala and hippocampal shape using 7T MRI in bipolar disorder by Athey et al.

Two contributions aimed to understand the underlying biological mechanisms of psychiatric disorders. Jakobi et al. studied the neural correlates of observing dynamic facial expressions with levels of reactive aggression in adult attention-deficit/hyperactivity disorder using fMRI. Proteau-Lemieux et al. set out to investigate whether EEG markers of brain maturation are affected in fragile X syndrome.

Finally, in addition to empirical studies, the Research Topic contains a perspective and a review. Conelea et al. wrote a perspective article on the need to combine cognitive behavioral therapies (CBT) and non-invasive brain stimulation (NIBS) with the aim of improving the treatment of psychiatric disorders while Cubillo integrated the literature on the neurobiological correlates of the social and emotional impact of peer victimization.

This Research Topic celebrates the breadth of scientific ideas, techniques, approaches, and findings that female scientists contribute to the field of psychiatric neuroimaging and stimulation. It is a demonstration of creativity, vision, and perseverance. We hope it serves as an inspiration for neuroscientists of all ages, genders, cultures, or socioeconomic backgrounds.
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Research to discover clinically useful predictors of lithium response in patients with bipolar disorder has largely found them to be elusive. We demonstrate here that detailed neuroimaging may have the potential to fill this important gap in mood disorder therapeutics. Lithium treatment and bipolar disorder have both been shown to affect anatomy of the hippocampi and amygdalae but there is no consensus on the nature of their effects. We aimed to investigate structural surface anatomy changes in amygdala and hippocampus correlated with treatment response in bipolar disorder. Patients with bipolar disorder (N = 14) underwent lithium treatment, were classified by response status at acute and long-term time points, and scanned with 7 Tesla structural MRI. Large Deformation Diffeomorphic Metric Mapping was applied to detect local differences in hippocampal and amygdalar anatomy between lithium responders and non-responders. Anatomy was also compared to 21 healthy comparison participants. A patch of the ventral surface of the left hippocampus was found to be significantly atrophied in non-responders as compared to responders at the acute time point and was associated at a trend-level with long-term response status. We did not detect an association between response status and surface anatomy of the right hippocampus or amygdala. To the best of our knowledge, this is the first shape analysis of hippocampus and amygdala in bipolar disorder using 7 Tesla MRI. These results can inform future work investigating possible neuroimaging predictors of lithium response in bipolar disorder.

Keywords: lithium, 7T MRI, shape analysis, amygdala, hippocampus, bipolar disorder


1. INTRODUCTION

Bipolar I disorder (BD) is characterized by a relapsing and remitting course and is common, affecting an estimated 1% of the population (1). Treatment of BD is complex, often involves polypharmacy, and it can take months or even years to find an effective treatment for an individual patient (2). Lithium is a common mood-stabilizing treatment that has been shown to significantly reduce risk of depressive or manic relapse (3, 4). However, only about 50% of patients with BD respond to lithium (5). Identification of reliable predictors of treatment response could greatly reduce illness burden and improve the lives of patients with BD (6–8).

A limited number of predictors of lithium response in BD have been identified, including clinical and genetic features (6–9). Clinical predictors of positive response include an illness pattern of manic episodes before depressive episodes and later age of onset of the disorder. However, no single clinical feature has been found to strongly predict lithium response (8). In terms of genetics, Genome Wide Association Studies (GWAS) have now identified genetic variation associated with lithium response, including single nucleotide polymorphisms (SNPs) located in a region containing genes for long non-coding RNAs that regulate gene expression and in the genes SESTD1 and in GADL1 (10–12). Additional suggestive associations of lithium response have been reported with SNPs located in the gene GRIA2 and with microRNAs (13, 14).

Another data modality that may predict treatment response is neuroimaging (7). Decreased bilateral volumes of hippocampi, amygdalae, and thalamus, and increased lateral ventricle volume have been shown in BD, along with altered function and connectivity in related cortico-limbic circuits (15–20). Lithium treatment in BD has been associated with larger volumes of structures such as the hippocampus and amygdala, although not consistently, as well as hypoactivation in subcortical structures typically found to be hyperactivated in BD (18, 21–24). Only a few previous studies have used neuroimaging to examine response to lithium treatment, with some identifying patterns of structure and function in cortico-limbic regions and circuits consistent with a normalizing effect of lithium (25–29). Most studies examining lithium effects on structural MRI have examined brain volumes, cortical thickness or surface area, reducing all morphological information to a single statistic (17, 21, 22, 30). Exploring more local effects may provide additional information and potentially help further elucidate lithium's neurobiological action. While a few studies have examined subcortical structure at a more detailed level, with some reporting localized differences in hippocampus including in CA1, CA2/3 and subiculum, such studies assessed structural changes related to lithium use and did not take into account differences in individual responses to lithium treatment (23, 31–34).

In this study, we combined a focus on response to lithium treatment with an examination of local structural effects, utilizing Large Deformation Diffeomorphic Metric Mapping (LDDMM) methods to identify local morphological differences between patients with BD who responded to lithium monotherapy treatment, those who did not respond, and healthy comparison participants (HC). LDDMM methods can quantify local morphological differences in brain structures and have been used previously to study patterns of atrophy in diseases such as Alzheimer's and Huntington's (35, 36). Our goal was to identify amygdalar and hippocampal shape correlates of lithium response in BD. This preliminary study could help identify brain features to be examined in future neuroimaging studies to identify predictors of lithium response in BD.



2. MATERIALS AND METHODS


2.1. Participants

Participants with BD were recruited at the Johns Hopkins site of the Pharmacogenomics of Bipolar Disorder Study (PGBD), an eleven site prospective trial of lithium monotherapy in adult patients with BD (37). Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) research diagnosis was made by a psychiatrist using the Diagnostic Interview for Genetic Studies (DIGS) (38). Participants with BD were included if they (i) met DSM-IV criteria for bipolar I disorder, (ii) were currently euthymic with Beck Depression Inventory (BDI) <19 and Clinician-Administered Rating Scale for Mania (CARS-M) <8 (39, 40) and (iii) were enrolled in the PGBD study [for inclusion and exclusion criteria of that study see (37)]. HC were recruited from the community using flyers, or from participants in previous research studies at Johns Hopkins who had given written permission to be re-contacted for future research, and were included if they had (i) no self-reported psychiatric history based on the Mini-International Neuropsychiatric Interview (MINI) (41), (ii) no self-reported family history of psychiatric disorder in any first-degree family member. All participants met the inclusion criteria of (i) 18–65 years old, (ii) right handed and were excluded by (i) alcohol or substance abuse or dependence during the past 6 months, (ii) dementia or mild cognitive impairment, (iii) contraindication to an MRI scan.

As part of the PGBD study, participants with BD were followed through a 16-week stabilization phase to stabilize mood and titrate off psychotropic medications other than lithium, followed by a 4-week observation phase. During the 4-week observation phase, subjects with a Clinical Global Impression-Severity (CGI-S) score of 3 or less (mildly ill) for at least 4 weeks were advanced to a maintenance phase. During maintenance participants were assessed every 2 months for up to 24 months. Determination of lithium response was according to the PGBD study (37). Non-response was defined by failure to remit over the stabilization phase and/or observation phase, or relapse during the maintenance phase. Relapse was defined by either (i) meeting criteria for mania and having a CGI-S score of 4 or greater (markedly ill), (ii) meeting criteria for a major depressive episode with a 4-week duration, (iii) meeting criteria for a mixed episode with a CGI-S score of 4 or greater, (iv) psychiatric hospitalization for a mood episode, or (v) if in the physician's judgment, the patient could not be managed on monotherapy and required a change in medication. Response was defined at two time points: “acute response” considering whether the patient remained well enough to advance to the maintenance phase, and “long-term response” considering up to 24 months of follow-up during the maintenance phase.

Participants with BD were consented and enrolled into the MRI study after beginning the PGBD study. Of the 25 participants (17 female, 8 male) who consented to participate in the MRI study, two were later excluded due a change in mood disorder diagnosis, one due to treatment non-compliance, and one was unable to complete the MRI scan. Participants were scheduled for MRI scanning after a clinical determination of acute response was made. A total of 7 participants were lost to follow-up prior to the MRI scan. Thus, a clinical determination of lithium response and a completed MRI scan were available for 14 participants with BD (9 acute responders, 5 acute non-responders). Two acute responders were determined to be long-term non-responders. Twenty-one HC were enrolled into the study and scanned.



2.2. Clinical Assessment

On the day of the MRI scan, all participants completed the Hopkins Adult Reading Test (42) as an indicator of Full Scale IQ, as well as the BDI and CARS-M to assess current dessive and manic symptoms, respectively. Possible dementia and mild cognitive impairment were assessed using the Mini Mental Status Exam (43) and Montreal Cognitive Assessment (44).

As some participants with BD had initiated treatment with lithium prior to entering the study, duration of lithium monotherapy at the time of the scan ranged from 2 months to 12 years. The mean dose of lithium in the participants was 1, 000±300 MG. At the time of the MRI, four participants who had exited the PGBD study had recently added an antipsychotic or antidepressant medication.



2.3. Image Acquisition and Segmentation

T1-weighted MP-RAGE brain scans (TR = 4.3 ms, TE = 1.92 ms, axial orientation, matrix = 225 × 288 × 288, resolution = 0.8 × 0.764 × 0.764 mm) were acquired on a Phillips 7.0-Tesla scanner (32 channel head coil) at Kennedy Krieger Institute (Baltimore, MD).

Binary segmentations in the population were obtained using the multi-atlas random orbit model (45). First, multi-atlases of segmented hippocampi, amygdalae and coarse regions were created from a subset of the population and then used to generate segmentations in the entire population. The initial segmentation and editing were manually performed using Seg3D (46), summarized here.

1. A contributor who was unblinded to the subjects' clinical features selected 5 subjects who were representative of the larger cohort with respect to sex, age, education, and diagnosis. These subjects are henceforth referred to as the atlas subjects. All following steps were performed by a contributor who was blinded to the subjects' clinical features.

2. Skull strip masks were constructed manually for the atlas subjects. This segmentation followed the dura mater around the cerebrum and cerebellum. The inferior most slice was inferior border of the cerebellum (47).

3. The atlas subjects were segmented for left and right hippocampus, and left and right amygdala according to the Mai atlas (48).

The amygdalae were segmented primarily in the coronal plane, similar to (49). In anterior slices of the amygdalae, white matter defined the ventrolateral and ventromedial borders. The dorsomedial border was defined by the semilunar gyrus. The lateral border was defined by the striations between the amygdala and claustrum. In more posterior slices, the lateral ventricle composed the ventrolateral border and the hippocampus/alveus composed the ventromedial border. The region of white matter that includes the optic tract composed the dorsal border of the amygdala.

The hippocampi were segmented primarily in the coronal and sagittal planes, similar to (50). In the sagittal plane, the lateral most slice was identified as where gray matter appeared in the temporal horn of the lateral ventricle. In the lateral slices, white matter defined the ventral border, and cerebrospinal fluid (CSF) defined the anterior and posterior borders. The dorsal border of the hippocampus was defined by two white matter structures, the alveus and fimbria. The alveus sits above the anterior portion of the hippocampus and was included in the segmentation. The fimbria is posterior to the alveus and was not included in the segmentation. In the medial slices, the curvature of the hippocampus causes it to appear in two sections, one anterior to the other. In both sections, white matter defined the ventral border. Also, a combination of white matter and CSF from the lateral ventricle defined the dorsal border. In the anterior section, the medial most slice was where the alveus converged with the white matter inferior to the hippocampus. In the posterior section, the medial-most slice is where the splenium of the corpus callosum appears.

These guidelines include CA1, CA2, and CA3 regions of the hippocampus but exclude the subiculum.

4. The 5 atlas subjects were downsampled to 1 × 1 × 1 mm3 voxel size and then passed to MRICloud for single-atlas segmentation of coarse regions (“7 Label” Segmentation) such as gray matter, white matter, ventricles, CSF, skull, and background (51). The MRICloud atlas used was Adult22_50yrs_283Labels_26atlases_M2_V9B.

5. The automatic labels from Step 4 were upsampled to the original resolution then combined with the manual labels of hippocampi and amygdalae from Step 3.

6. Using the labeled atlas images from step 5, the LDDMM algorithm from MRICloud was used to perform automatic multi-atlas segmentation in the remaining 30 subjects to segment the hippocampi and amygdalae (45, 52, 53). Atlas information was based on segmentations of the atlas subjects from steps 3 and 4.

7. The 30 amygdala and hippocampus segmentations from Step 6 were reviewed and manually revised when necessary.



2.4. Shape Analysis via Surface-Based Morphometry

Earlier works have described this method in more detail (35, 36, 54). Briefly,

1. Segmentations of the four structures (left/right amygdala and hippocampus) were converted to triangulated surfaces with Restricted Delaunay Triangulation (55).

2. The triangulated surfaces were passed to MRICloud to create population surface templates for both amygdalae and hippocampi (56). These templates serve as a common coordinate system for each subcortical structure.

3. The surface templates from step 2, and the triangulated surfaces from step 1 were passed to MRICloud to calculate deformations from each patient to the surface templates. The features on which this paper focuses are the surface Jacobians of the deformation at each vertex of the surface. The surface Jacobian measures the local expansion/atrophy around a particular vertex (56).

4. We downsampled the vertices into surface patches for computational efficiency. The surface patches were constructed with a spectral clustering method, which only relies on surface geometry (36). This method computes the first k eigenvectors of the Laplace-Beltrami operator associated with the surface. Then, each vertex is transformed into a k dimensional vector according to the corresponding elements in the eigenvectors. Finally, we cluster the vertices using the k-means algorithm. We downsampled the structures so the patches would have an average surface area of 150 mm2 (57). Figure 1 shows the 4 patches on the amygdalae, and the 9 patches on the hippocampi. The surface Jacobians of all vertices in a patch were averaged to obtain the local expansion/atrophy for that patch.


[image: Figure 1]
FIGURE 1. Amygdalar and hippocampal surface discretization from spectral clustering. After clustering, left and right amygdala are divided into 4 patches each and left and right hippocampus into 9 patches each.




2.5. Statistical Analysis

Differences in demographic and clinical characteristics and volumes between the HC, responder, and non-responder groups were examined using chi-squared tests, one-way ANOVAs and two-sample t-tests implemented in MATLAB. We used general linear models to test for associations between groups (e.g., responder vs. non-responder) and brain shape. The method has been described in detail elsewhere (36). The same method was applied to each of the four structures being investigated, left and right amygdalae, and left and right hippocampi. After surface mapping described above, each participant had an expansion factor for each surface patch in the triangulated surfaces. The expansion factors associated with a brain structure were concatenated into a vector indexed by participant i: yi (e.g., 4 dimensional vector for the left amygdala). These vectors describe how the brain structure of each participant differs from the template, or “average,” brain structure.

To determine whether clinical response status had a significant association with brain shape, we constructed a null linear model and alternative linear model. The alternative model included response status and the null model did not. Both models included covariates for sex, age, and intracranial volume (ICV). The model coefficients β were fit to minimize the sum of squared errors (across all subjects) between the predicted expansion factors and the actual expansion factors.

[image: image]

In words, Y(a, b) corresponded to the expansion factor of the ath patch in participant b and X(c, d) corresponded to the cth covariate in participant d.

For each patch, the sum of squared errors across all subjects was computed for both models and the test statistic considered for patch p was [image: image]. If the error at a patch was significantly lower in the alternative model, then the test statistic was large. A large test statistic implied that the feature was informative at that patch, i.e., the feature was associated with expansion or atrophy at that location. We used permutation testing to control the familywise error rate to 5% (58). A permutation test rearranged the features among the subjects and at each rearrangement, the maximum test statistic (across all surface patches) was used to form a permutation distribution. Then, the test statistics from the original, true feature arrangement, were compared to this permutation distribution. Any test statistic above the 95th percentile of the permutation distribution was considered significant.




3. RESULTS


3.1. Demographic and Clinical Characteristics

Table 1 describes the distributions of demographic and clinical variables in each acute response group and in HC. As expected, participants with BD had higher levels of depressive symptoms than HC, with non-responders displaying the highest levels of depressive symptoms. Also expected, duration of treatment with lithium was longer for participants responding to lithium than those not responding. We did not detect significant between group differences for the other demographic or clinical variables tested.


Table 1. Demographic and clinical characteristics and brain volumes, by group.

[image: Table 1]



3.2. Volume Results

Average ICV and ICV-normalized region of interest (ROI) volumes, are presented in Table 1. We did not detect significant between-group differences of ICV or normalized ROI volumes.



3.3. Shape Analysis

Minimum p-values across all patches are presented in Table 2. We observed a significant association between expansion factor and response status in the left hippocampus at the acute time point. Figure 2 shows that the patch significantly associated with response status is on the ventral surface, near the CA1, subiculum junction. This patch was atrophied by about 15% in non-responders when compared to the other groups. The association between expansion factor for this patch and response status maintained trend-level significance at the longer-term treatment time point for the comparison of non-responders vs. responders. We did not detect a significant association between expansion factor and response status in any other structure or patch.


Table 2. Associations between response status and expansion factor, minimum p-values.

[image: Table 2]
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FIGURE 2. Non-responders were found to have 15% atrophy in a surface patch on the ventral side of the left hippocampus (in red), when compared to responders.





4. DISCUSSION

Results of this study provide evidence of lateralized morphometric differences in hippocampus in a group of patients with BD who did and did not respond to lithium treatment. We observed a significant difference in a region of the ventral left hippocampus, near the CA1/subiculum junction, which was relatively atrophied in non-responders as compared to responders. We did not find a significant difference in volumes of amygdalae or hippocampi between the lithium responders, non-responders, and HC groups. In this study, we examined individuals' responses to lithium treatment and localized differences in structure, factors that could help explain disparate findings related to effects of lithium use on structure of amygdala and hippocampus in the literature (17, 21, 31, 59, 60). In our sample, all participants with BD were treated with lithium monotherapy and were prospectively assessed for their response. Our surface mapping tools allowed for analysis of more localized shape changes that might not be detected by less detailed metrics like volume.

While identification of neuroimaging markers holds potential to predict treatment response, only a few previous studies have used neuroimaging to examine response to lithium treatment in BD. Task-based brain activation changes have been reported in lithium responders as compared to non-responders using functional MRI. One study found greater activation to an emotional faces task in prefrontal cortex and lesser activation in limbic regions in lithium responders as compared to non-responders (25). Another study comparing patients with first episode mania responding vs. not responding to either lithium or quetiapine observed differential changes in activation in subcortical regions in response to a continuous performance task with emotional distractors (29). Studies using functional MRI methods have also identified correlations between lithium response and amygdala-ventromedial prefrontal cortex functional connectivity and a normalizing effect of lithium on resting state connectivity measures (27, 28). Emerging research suggests these normalizing changes could come from neuroprotective effects of lithium against glutamatergic excitotoxicity or its association with higher levels of brain-derived neurotrophic factor (61). One study using structural MRI found a correlation between overall gray matter hypertrophy and clinical response to lithium in BD, but this study did not examine localized brain changes (26).

Most studies examining effects of lithium use on structural MRI have examined brain volumes, cortical thickness or surface area, reducing all morphological information to a single statistic (17, 21, 22, 30, 62). These studies have identified larger volumes of amygdalae and hippocampi in lithium-treated patients compared to patients not treated with lithium, although not consistently. In a large meta-analysis conducted by the ENIGMA consortium of 1,710 subjects with BD and 2,594 HC, though smaller hippocampi and amygdalae were observed in subjects with BD than in HC subjects, an effect of lithium use on these volumes was not found (17). Exploring more local effects in subcortical structure may provide additional information and potentially help further elucidate lithium's neurobiological action. A few studies have examined such structure at a more detailed level, testing volumes of hippocampal subfields, hippocampal thickness and subcortical shape (23, 31–34). These studies reported more localized differences in hippocampus including in CA1, CA2/3 and subiculum, although not consistently. However, these studies assessed structural changes related to lithium use and did not take into account differences in individual responses to lithium treatment.

We combined an examination of local effects in subcortical structure with a focus on individual differences in response to lithium treatment and observed a significant difference in a region of the ventral left hippocampus, near the CA1/subiculum junction, which was relatively atrophied in non-responders as compared to responders. CA1 is the primary output of the hippocampus and is integral in encoding memory related to space (63), novel objects (64), and fear (65). While there is limited literature on morphological differences between patients with BD taking and not taking lithium, our results are consistent with one previous study that identified smaller left CA1 and CA2/3 volumes in patients with BD not using lithium treatment than in a group using lithium, but only among participants with numerous affective episodes (33). Alterations in right hippocampus have also been reported, including a deficit in right CA1 in unmedicated patients with BD as compared to lithium treated patients and reduced volume of right CA2/3 and CA4/DG in patients with psychotic BD not taking vs. taking lithium (31, 32). Other studies have not detected a difference between lithium treated vs. not-treated patients with BD when examining measures of hippocampal shape (23, 34). We note that these inconsistencies in the literature could be at least partially explained by the focus on lithium treatment, not taking into account individual differences in response.

Our observation of a morphological difference in left hippocampus in lithium non-responders as compared to responders builds upon previous work describing lithium's effects in the brain. Using 7Li magnetic resonance imaging, euthymic patients with BD who were treated with lithium for 2 or more years were found to have the highest brain lithium content within a defined cluster in the left hippocampus (66). Additional support for a laterality effect in lithium response comes from a longitudinal study showing a decrease in left hippocampus volume over the course of treatment in patients with BD who were non-responders (67). Hippocampal laterality effects have also been shown with respect to patients with BD taking vs. not taking lithium, where left hippocampal volume or subfield volume has been shown to be smaller in those not taking lithium compared to those taking lithium or HC (33, 68, 69). Taken together, these findings suggest that left hippocampus may play a key role in lithium's mood stabilizing effects, and coupled with existing evidence of neurogenesis within the hippocampus lend support for the hypothesis of a neurogenic mechanism of action for lithium (70).

Interpretation of this study is limited by the small sample size. There are no males in our non-responder group, which may impact on the generalizability of our findings. There may exist potential confounding by clinical variables such as duration of illness (71), duration of treatment (21), depressive predominant polarity (72), or stressful life events (73) and these variables should be examined in a larger sample powered to do so. It is also important to note that the images in this study were collected after treatment was initiated so these results indicate correlations between brain shape and response, not predictors of response. Although we utilized a manual segmentation process, it was primarily performed by a single trained person blinded to clinical features and so should not differ systematically between groups. Subregions in this study were split along the surfaces and thus any changes occurring within the amygdalae or hippocampi would not have been detected. However, these methods could support deeper subregion analysis in future studies by segmenting images for each subregion, rather than for the whole amygdalae and hippocampi.

This study, to our knowledge, is the first in-vivo shape analysis of human brain structures in BD using 7T MRI. Previous morphological studies in humans used MRI field strengths of 3T or less (17, 21–23). Higher field strengths produce images with a higher signal to noise ratio (74) and might detect more subtle differences in neuroanatomy. MRICloud's implementation of LDDMM allowed for both a fast segmentation process and detection of localized shape changes in brain structures.

In order to answer the important question of how to predict lithium response in BD, larger and longitudinal neuroimaging studies are needed to establish whether there are any appreciable differences between responders and non-responders and whether those differences can predict response prior to treatment initiation or at an early stage of treatment. In this paper, we describe a possible approach to studying lithium response via neuroanatomy and report on a specific sub-region of the hippocampus, CA1, which may be associated with lithium response.
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Background: While case series have established the efficacy of deep brain stimulation (DBS) in treating obsessive-compulsive disorder (OCD), it has been our experience that few OCD patients present without comorbidities that affect outcomes associated with DBS treatment. Here we present our experience with DBS therapy for OCD in patients who all have comorbid disease, together with the results of our programming strategies.

Methods: For this case series, we assessed five patients who underwent ventral capsule/ventral striatum (VC/VS) DBS for OCD between 2015 and 2019 at the University of Colorado Hospital. Every patient in this cohort exhibited comorbidities, including substance use disorders, eating disorder, tic disorder, and autism spectrum disorder. We conducted an IRB-approved, retrospective study of programming modifications and treatment response over the course of DBS therapy.

Results: In addition to patients' subjective reports of improvement, we observed significant improvement in the Yale-Brown Obsessive-Compulsive Scale (44%), the Montgomery-Asberg Depression Rating Scale (53%), the Quality of Life Enjoyment and Satisfaction Questionnaire (27%), and the Hamilton Anxiety Rating scales (34.9%) following DBS. With respect to co-morbid disease, there was a significant improvement in a patient with tic disorder's Total Tic Severity Score (TTSS) (p = 0.005).

Conclusions: DBS remains an efficacious tool for the treatment of OCD, even in patients with significant comorbidities in whom DBS has not previously been investigated. Efficacious treatment results not only from the accurate placement of the electrodes by the surgeon but also from programming by the psychiatrist.

Keywords: psychiatric DBS, co-morbidity, deep brain stimulation, obsessive-compulsive disorder, DBS programming


INTRODUCTION

Obsessive-compulsive disorder (OCD) is a debilitating disorder characterized by obsessions and compulsions that afflicts ~1.2% of people in the United States and between 1.1 and 1.8% worldwide (1). Obsessions are unwanted thoughts, urges, or images that cause distress. Compulsions are repetitive behaviors or mental “acts” (such as counting) that are performed to assuage distress or to prevent a feared event from happening. Many but not all compulsions make sense cognitively but consume far more time than they would for someone without OCD. For example, fear of contamination might lead to excessive handwashing or fear of burning down the house might lead to excessive checking of the stove. While there are different severities of OCD, some people suffer extreme impairment to the degree that they are unable to maintain regular employment or enjoy everyday activities (2). There are five general subsets of symptoms within OCD, including contamination obsessions with washing/cleaning compulsions; harm obsessions with checking compulsions, obsessions without visible compulsions; symmetry obsessions with ordering, arranging, and counting compulsions, and hoarding (3).

Treatment generally includes cognitive-behavior therapy (CBT) with exposure and response prevention (EX/RP) alone or a combination of EX/RP and medications such as selective serotonin reuptake inhibitors (SSRIs), the tricyclic antidepressant clomipramine, and/or antipsychotics (4, 5). Despite maximal treatment, usually combining EX/RP with serotonergic and other augmenting agents, it is seldom that patients with OCD are able to achieve full remission, which is defined as a subclinical score of ≤ 7 on the Yale-Brown Obsessive Compulsive Score (Y-BOCS). Approximately 10% remain severely incapacitated despite receiving EX/RP coupled with therapeutic medication regimens (6). For these refractory patients, treatment options are extremely limited.

Deep brain stimulation (DBS) involves a technique by which stimulating electrodes are placed in the deep nuclei of the brain, usually the ventral capsule/ventral striatum. The mechanism of DBS in OCD has not been fully elucidated but is thought to modify aberrant circuitry, including the cortico-striato-thalamic-cortical (CSTC) circuit. Applied initially to intractable pain, DBS is most commonly employed in movement disorders such as Parkinson's disease but has been used for the treatment of OCD predicated on the understanding of the CSTC circuit's involvement in this disorder (7). The idea of applying DBS to OCD grew out of observations that lesional procedures such as anterior capsulotomy, utilized for the treatment of OCD since the 1950s, are about 50–60% effective in treating refractory patients with the disorder (8–10). However, whereas lesional procedures create enduring changes in the brain by permanently destroying tissue and irreversibly interrupting circuits, DBS is a reversible and titratable form of neuromodulation.

The first case of DBS for refractory OCD was performed in 1999 in the anterior limb of the internal capsule (ALIC; the same target as in anterior capsulotomy) before being further refined to the ventral capsule/ventral striatum (VC/VS). Both the AC and VC/VS participate in the same CSTC circuit (10, 11). In fact, stimulating different targets within the CSTC circuit has been shown to have similar efficacy (12). VC/VS is the most commonly reported target in the literature, followed by the nucleus accumbens (NAc) and then others (13). Bilateral targeting is performed in DBS surgery as the 2014 evidenced-based guidelines reported that there are insufficient data to support unilateral targeting (14). DBS received a Humanitarian Use Device (HUD) designation in 2009 under a Humanitarian Device Exemption (HDE), meaning that it can be used to treat “severe to extreme” refractory cases of OCD. An HDE is granted for Humanitarian Use Devices (HUDs) that have been found to be safe, have probable benefit, and are intended to be used in <8,000 patients per year. HDEs are designed to bring hope to those suffering severely who cannot wait for extensive large-scale trials that would be required to demonstrate the effectiveness and may never be feasible (15).

While previous studies have established that DBS for OCD is likely to be a beneficial treatment for refractory severely impaired patients, these studies have largely ignored how DBS impacts (or does not affect) the other psychiatric diseases that are so frequently comorbid with OCD (12). OCD rarely occurs in isolation. For example, according to the DSM5, 76% of patients with OCD also have a lifetime diagnosis of an anxiety disorder such as panic disorder, generalized anxiety disorder, or social anxiety disorder; 41% have a lifetime diagnosis of major depressive disorder (MDD); 22% have a lifetime diagnosis of a bipolar spectrum or depressive disorder other than MDD; and 30% have a lifetime tic disorder. The DSM5 also states that rates of OCD are elevated in those with eating disorders and schizophrenia-spectrum disorders. Here we discuss our DBS treatment of refractory OCD patients who have such comorbid disease and our experiences with programming for OCD while managing multiple symptoms of these other illnesses and minimizing side effects.



METHODS

Between 2015 and 2019, five patients were implanted bilaterally with 4-contact electrodes (Model 3391, Medtronic, Minneapolis, MN) targeting the VC/VS at our institution by a single surgeon (AA) after approval by an interdisciplinary ethics conference as advised in the literature (16). Three cases were done awake with microelectrode recording and intraoperative testing by a single psychiatrist (RD), and the remaining two patients elected for an asleep protocol using an MRI-guided direct targeting technique. Consensus coordinates were utilized for initial targeting; however, the targets were ultimately refined directly based on each patient's individual images. The indirect targeting anatomic coordinates used were 7–10 mm lateral to the midline on the X axis, 0–5 mm anterior to the anterior commissure (AC) in the Y axis, and 1–5 mm inferior to the inferior border of the AC in the Z axis. In all cases, the target was advanced by 3 mm (the depth of one contact) after the identification of the direct target to allow for the space between contacts 0 and 1 to rest at the junction of the anterior limb of the internal capsule (ALIC) with the anterior limb of the AC. All patients returned at least 1 week after cranial lead implantation for placement of bilateral extension cables and pulse generators. There were no associated surgical complications. Rating scales were performed by a single psychiatrist (RD) who was also the primary programmer; when multiple scales were available from pre-operative assessment, they were averaged for the sake of our analysis. We have from 1 to 4 years of follow-up for each patient. Patients provided informed, written consent for this retrospective case report and reviewed the material described in this report; in addition, all efforts have been made to preserve anonymity.


Calculation of Charge Density

For monopolar configurations, charge density was calculated with the standard approach:

Charge density = (current * PW)/surface area. For bipolar configuration, charge density was calculated by dividing the current at the cathode and anode.



Measurement of Distance Between the Active Contact(s) and the Anterior Commissure (AC) – Anterior Limb of the Internal Capsule (ALIC) Junction

For each patient, using pre-operative MRI, expert identification of the AC-ALIC junction was localized to the axial plane at the optimal level for the AC. Following co-registration of the pre-operative MRI with the post-operative CT (in cases 2–5) or post-operative MRI (case 1), the ventral-most point of the lead artifact was localized. Next, for each patient, the final follow-up active contacts were used to estimate the location along the lead artifact for localizing the active contact in the CT space. For a monopolar setting, the midpoint of the contact was used; for bipolar or double monopolar settings, the midpoint between the contacts was used as the active contact location. Finally, the distance in mm between the active contact location along the electrode artifact and the AC-ALIC junction was measured.



Methodology for Programming

A single psychiatrist (RD) performed initial and ongoing programming for all 5 patients. Initial programming took place over three consecutive days, then weekly for several weeks, followed by every other week for about 6 weeks, then monthly with spacing to every 3 months once ideal settings were selected. The programming algorithm described by Widge et al. (17) was followed on the first 3 days, with adjustments to the algorithm as needed based on patient response (e.g., titrating in smaller increments for patient comfort or fine-tuning, not increasing to 6 V if the response was obvious at 4 V). Selection of parameters was based on a reduction in anxiety, an increase in energy, improvement in mood, the patients' subjective experience, and the programmer's observations of the patient's engagement and affect (18). On day one, the psychiatrist performed a monopolar survey at contacts 0, 1, 2, and 3 at amplitudes of 2, 4, and 6 V with frequency of 135 and pulse width of 90 microseconds. This was repeated at a pulse width of 150 microseconds and was done separately for each hemisphere. On day two, the psychiatrist performed a bipolar survey (with contact 3 as the anode) at each contact using a frequency of 135 and the pulse width value that yielded the best response during the monopolar survey. Widge et al., suggest using (0–, 1–, 3+) and (1–, 2–, 3+) (17). The psychiatrist in this report used (0–, 3+), (1–, 3+), (2–, 3+) or the combination of 2 cathodes as suggested by Widge et al. depending on patients' response during the monopolar survey (17). On day three, the psychiatrist selected the settings at which the patient had the best response and made minor adjustments as needed, such as increasing or decreasing amplitude, decreasing frequency (e.g., to target increased anxiety), or decreasing or increasing pulse width (e.g., if a patient had more improvement at 150 microseconds but also more adverse effects, an intermediate pulse width could be selected).



Statistical Analysis for Diagnostic Rating Scales

For all five patients, the following scales were assessed before DBS surgery and at every programming session after implantation: the Yale-Brown Obsessive Compulsive Scale (Y-BOCs), the Montgomery-Asberg Depression Rating Scale (MADRS), the Hamilton Anxiety Rating Scale (HAM-A), and the Quality of Life Enjoyment and Satisfaction questionnaire (Q-LES-Q-SF), and the Young Mania Rating Scale (YMRS). Individual cases exhibited comorbidities that were assessed with relevant scales: Case 1, with a history of anorexia nervosa, assessed with Eating Disorder Examination 16.0 (19); Case 2, with a history of tic disorder, assessed with Yale Global Tic Severity Scale (YGTSS) (20); Case 4, had comorbid substance use which was assessed substance craving scales for cigarettes, marijuana and alcohol (21). Rating scale scores collected following DBS were compared to the pre-surgical baseline by computing the percent change. For each case, on each scale, the change from baseline was statistically assessed by a univariate paired t-test between the average pre-surgery and post-surgical assessment data. A Bonferroni correction was for multiple comparisons (per scale, the number of comparisons was equal to the number of cases).



Case Vignettes
 
Case 1

A 32-year-old woman with a 24-year history of OCD and comorbid severe and enduring anorexia nervosa and severe major depressive disorder (MDD) presented with a Yale-Brown Obsessive-Compulsive Scale (YBOCS) rating of 36. Her obsessions included fear of bad things happening (of which one potential bad thing was weight gain), and her compulsions included repeating things a certain number of times, organizing and arranging, and reassurance seeking. Though she had previously worked briefly as a registered nurse, she had been institutionalized for much of her child and adult life. She had one previous suicide attempt in 2013, and she continued to experience persistent, passive suicidal thoughts. She had episodes of self-harm, including an incident where she fractured her hand 18 months prior to evaluation. She continued to engage in self-harm when distressed, including scratching and excoriating herself. She had failed numerous medications [8 adequate trials of serotonergic medications, 7 atypical antipsychotics, 2 first generation antipsychotics, 2 monoamine oxidase inhibitors (MAO-Is), 4 benzodiazepines, intranasal ketamine, and multiple augmenting agents] and electroconvulsive shock therapy. She elected to proceed with awake placement of bilateral VC/VS electrodes, and intraoperative exposure included the soft drink Coca-Cola, the candy Tootsie Pop, and the color red, to all of which she had an aversion.



Case 2

A 46-year-old man with a 25-year history of OCD together with autism-spectrum disorder, tic disorder, and MDD had failed 5 serotonergic medications including clomipramine at adequate dose and duration with appropriate augmenting strategies prior to presenting with a YBOCS of 39. His main obsession was that he was not seeing things correctly, and his compulsions included staring and checking. Despite doing well in advanced classes in high school, he was not able to finish higher education or maintain a job and thus elected to proceed with asleep direct targeting protocol placement of bilateral VC/VS electrodes. Details regarding Case 2 were previously published (22).



Case 3

The third patient was a 28-year-old man with a 19-year history of OCD together with attention deficit/hyperactivity disorder (ADHD), MDD, and a previous history of cannabis use disorder who failed multiple medications and augmenting strategies, including three trials of serotonergic medications at adequate dose and duration (one of which was clomipramine) and subsequently presented for treatment with a YBOCS of 32. His obsessions included disgust related to fast food, people who ate fast food, American cars, and anything/anyone from the East or the South. His compulsions including cleaning and washing. He had to withdraw from his graduate program but remained highly motivated to “be better.” He underwent staged, awake placement of bilateral VC/VS electrodes.



Case 4

A 48-year-old male had been diagnosed with OCD at age 24 by a priest because he presented compulsively to confession. At the time of presentation, he had a YBOCS of 32 after having failed 3 serotonergic medications at adequate dosage and duration and 2 antipsychotics. His obsessions included a fear of displeasing God, a fear of going to Hell, and a fear of his mother being in Hell. His compulsions included praying and moving in certain ways. He had comorbid MDD, insomnia, and issues with substance use [nicotine use disorder, daily cannabis use, and heavy alcohol use – as defined by the NIAAA (23)]. He was working in construction at the time of surgery. He underwent staged, awake placement of bilateral VC/VS electrodes.



Case 5

The most recently operated patient is a 42-year-old man with a 23-year history of OCD with comorbid MDD and social anxiety disorder who presented with a YBOCS of 36. His obsessions included a fear that inanimate objects were watching him play video games and that if he saw people moving or speaking, this would mean he wouldn't be able to move or speak in the future. He recognized the illogical nature of these thoughts and referred to them as “psychotic.” Though patient's obsessions were bizarre and irrational, he had good insight into this and did not meet criteria for a primary psychotic disorder. He had tried five different classes of medications, including 3 serotonergic medications including clomipramine at adequate dose and duration, benzodiazepines, antipsychotics, stimulants, and mood stabilizers. He had intravenous ketamine and underwent 40 sessions of deep transcranial magnetic stimulation (TMS) for OCD with limited effect. He had previously undergone a parathyroidectomy (pathology: normal) in attempt to ameliorate his symptoms; however, this did not result in the desired functional improvement. He subsequently elected to proceed with asleep-protocol bilateral placement of VC/VS electrodes.




Programming
 
Patient 1

This patient agreed to remain in whatever level of care was necessary to maintain ideal body weight during the first year of DBS programming, which was ultimately residential treatment. Positive effect on mood and energy was partially maintained by turning down amplitude bilaterally at night. Currently, stimulation amplitude is set higher relative to the other patients in this cohort, and the authors postulate this is due to two factors: (1) severe, profound depression at baseline [highest score on MADRS of the 5 patients – 41.67 mean pre-operative score vs. 29.67 (#2), 28.5 (#3), 30 (#4), and 35.5 (#5)] and (2) less obvious response to stimulation led to continued titration.



Patient 2

Programming was complicated by this patient's autism spectrum disorder leading to difficulty describing his internal mood and anxiety states. He disliked any obvious changes so amplitude was increased very gradually, and frequency was lowered to 100 Hz.



Patient 3

The left electrode was pulled back post-operatively due to imaging showing it was abutting the internal carotid artery. There was still noted benefit during initial programming, but the patient felt the effect was less noticeable than the right. This patient experienced dramatic reduction in YBOCS and improvement in mood in the first week (YBOCS: 9 = 72% reduction; MADRS: 12 = 58% reduction; YMRS = 1) with R hemisphere: case +/0–/1–; 3.5 V; 135 Hz; 150 μs and L hemisphere: case +/0–; 4 V; 135 Hz; 150 μs. To this patient's dismay, these effects did not last, and his Y-BOCS increased back to 24 (27% reduction from baseline) and MADRS to 32 (12% increase from baseline) by the second week. He was quite disappointed for several months, hoping the psychiatrist would do something to bring back those feelings. His MADRS peaked at 37 (30% increase from baseline) with a Y-BOCS of 18 at 7 weeks post-stimulation. At this point, low-dose olanzapine (2.5 g) was added, leading to marked improvement in OCD and depression symptoms. MADRS declined to 11 at 14 weeks post-stimulation with a Y-BOCS of 16, then increased again to MADRS of 31 and Y-BOCS of 22 at 32 weeks post-stimulation after a month's trial of reduction in pulse width from 150 to 120 μs (reduced due to patient feeling jittery and agitated at amplitudes higher than 2 V on the right). Mood and OCD symptoms improved with increase back to 150 μs bilaterally, and he limited amplitude on the right to 2.6 V or less when in monopolar configuration. He has been on stable settings for the past 7 months and switches the right settings between monopolar (case+/1–; 2.4-2.6 V; 150 μs; 135 Hz) for sleep to bipolar (0+/1–; 5 V; 150 μs; 135 Hz) for work, school, or driving. He keeps the left at C+/2–; 4.0 V, 150 μs, 135 Hz.



Patient 4

This patient experienced transient improvement in OCD symptoms (29% reduction in Y-BOCS at 16 weeks) with relapse to 1 point higher than baseline at 3 weeks. He experienced marked dysphoria and irritability when pulse width was increased to 210 at 28 weeks post-stimulation. This resolved with temporary addition of olanzapine 5 mg (at 32 weeks) and decrease back to a pulse width of 150. At 71 weeks, patient's Y-BOCS had decreased to 25, and he described his remaining compulsions as reflexive and habit-like. The psychiatrist conceptualized his residual movement-related compulsions as “tourettic” (24), so haloperidol was added and titrated to 5 mg at bedtime. The patient experienced a marked reduction in Y-BOCS to 16 over the next 8 weeks without further change to DBS parameters.



Patient 5

This patient experienced early, marked improvement at low amplitude and pulse width. He began to experience hypomania with marked irritability at (R: case +/1–; 2.7 V; 90 μs; 135 Hz and L: C+/0–; 2.7 V; 90 μs; 135 Hz). Attempts to taper paroxetine (decrease from 80 to 60 mg/day) led to increase in intrusive thoughts. Patient did not tolerate trials of valproic acid and lithium. Irritability and hypomania remitted with change to bipolar settings at 21 weeks post-stimulation (R: 0–/3+; 4.5 V; 90 μs; 135 Hz and L: 0–/3+; 4.2 V; 90 μs; 135 Hz), but patient did not find this as effective for his OCD. Ultimately, he remains on monopolar settings without hypomania and manages building irritability by switching to bipolar settings (usually once or twice a day). He specifically changes to bipolar before driving because he recognizes this is a time where he is more prone to irritability, and he also switches to bipolar for sleep.





RESULTS


Anecdotal Evidence
 
Patient 1

Despite persistent low BMI of 14, she has remained out of the hospital for 29 months, the longest time period since onset of OCD and anorexia. She is working part time as a research assistant, is active in her church, and, though she wishes for further reduction in symptoms, she notes her quality of life and mood is better than prior to DBS. In addition, she no longer engages in self-injurious behaviors and no longer experiences suicidal ideation.



Patient 2

Patient has been volunteering regularly and is happy to find that others enjoy working with him. He has returned to school and learned computer and basic life skills (e.g., doing online banking), which pleases his mother who is worried about his ability to be independent once she dies.



Patient 3

He began a healthcare management graduate programming and did very well but decided that was not the career path for him. He is currently thriving in a new graduate program for architectural design.



Patient 4

Sustained improvement has only been recent, and he is struggling to determine how to fill his day, given that much of his time was previously occupied by compulsions. He recently started working as a history teacher and is finding this very challenging to do virtually (due to the pandemic and in-person learning restrictions).



Patient 5

He is thrilled at his ability to play video games without intrusion from OCD, he took a drawing class, and he has resumed playing in a racquet-ball league. He is considering whether he would like to find a volunteer position vs. apply for a job as a staff accountant.




Diagnostic Scale Analysis

Five diagnostic scales were applied to all cases: Y-BOCs, MADRS, and the Q-LES-Q-SF, HAM-A, and YMRS. The median post-stimulation change as a percent of baseline, across all cases for Y-BOCs, was −44% (IQR = 44%) and at final follow-up the mean percent change was −49.1%; MADRS, the median change was −53% (IQR = 49%) and at final follow-up the mean percent change was −54.1%; Q-LES-Q, DBS resulted in a median increase of 27% (IQR = 68%) in perceived quality of life and satisfaction and at final follow-up the mean percent change was 37.6%; YMRS, DBS induced a median increase of 100% and at final follow-up the mean percent change was 32.4%; HAM-A, DBS induced a median reduction of −51% and at final follow-up the mean percent change was −35.0% (Figure 1A). For individual cases, a varying number of post-stimulation parameter adjustments were required to achieve optimal response. Figure 1B shows that most patients showed significant improvement in MADRS, HAM-A and YMRS, by around 100 days post-stimulation, whereas both Q-LES-Q-SF and Y-BOCS required more than 250 days for at least 3 of the cases to achieve peak change from baseline. Variation in response to programming was also evident as a function of time. For Y-BOCS, most cases exhibited a significant improvement in obsessive compulsive behaviors that persisted for the duration of their documented therapy. Figure 2A depicts that 3 of the 5 cases exhibit over 50% improvement in YBOCs; however, there are slight fluctuations between 40 and 60% improvement likely modulated by changes in programming parameters. Despite fluctuations, all 5 cases show a trajectory toward improvement as therapy progresses. Figure 2B highlights the change over time in Q-LES-Q-SF response. For this quality-of-life measurement, 4 out of 5 cases (P2–P5), show marked improvement either at the outset of stimulation (P4 and P5) or as function of changes in programming parameters (P2 and P3). Finally, Figure 2C shows that improvement in MADRS is immediate and invariant over time in 3 out of 5 cases. P1 shows no change and no fluctuations, and P3 shows an immediate improvement that gradually increases over time.


[image: Figure 1]
FIGURE 1. (A) Violin plots showing group level representation of the percent change from pre-DBS surgery baseline across the five mood disorder scale metrics used for our cohort: Hamilton Anxiety Rating Scale (HAM-A), Montgomery-Åsberg Depression Rating Scale (MADRS), Quality of Life Enjoyment and Satisfaction Questionnaire (Q-LES-Q-SF), Yale-Brown Obsessive-Compulsive Scale (Y-BOCS), Young Mania Rating Scale (YMRS). Dots represent post-surgery DBS programming sessions. Each scale plot represents all subjects and all post-surgery DBS programming sessions for the first year of follow-up. The solid line demarcates no change (0%) on the y-axis, and the dotted line indicates the median percent change. Red points indicate percent change in scale metrics for each individual patient from the final follow-up and the red dotted line represents the mean for all patients for the final follow up. (B) Individual and scale differences in the number of programming sessions necessary to achieve optimal therapeutic stimulation. Each scale plot denotes the number of days required to achieve optimal stimulation for each patient highlighted by a different color.



[image: Figure 2]
FIGURE 2. The individual time course representation for patient response to DBS programming modifications across the five mood disorder scale metrics. (A) Hamilton Anxiety Rating Scale (HAM-A). (B) Montgomery-Åsberg Depression Rating Scale (MADRS). (C) Quality of Life Enjoyment and Satisfaction Questionnaire (Q-LES-Q-SF). (D) Yale-Brown Obsessive-Compulsive Scale (Y-BOCS). (E) Young Mania Rating Scale (YMRS).




Comorbid Scale Analysis

Specific cases in this OCD cohort exhibited comorbid symptoms that in other OCD-DBS reports have responded to DBS. Case 2 had a history of tic disorder manifestations and was assessed pre- and post-surgical using the YGTSS and sub-scale Total Tic Severity Score (TTSS). Figures 3A,B show that TTSS did not significantly change from pre-surgical baseline (p = 0.22); however, YGTSS did show a significant reduction that was more marked following initial programming (p = 0.005). Case 4 was diagnosed with nicotine use disorder, at risk alcohol use, and daily cannabis use. To assess whether DBS affected the patient's craving for these substances, we measured craving pre- and post-surgery. Figures 3C–E depict Case 4's craving response following DBS. Alcohol craving in Figure 3C shows a marked response during the initial 200 days of stimulation; however, it rebounds back to the pre-stimulation baseline during the latter half of therapy. There is no effect of DBS on marijuana craving overall; however, during many sessions, DBS appears to increase craving. Finally, in Figure 3E, tobacco craving (measured using a cigarette craving rating scale) shows the most lasting response to DBS, with both an immediate and sustained drop in craving by 30%.


[image: Figure 3]
FIGURE 3. Patient specific comorbidities. (A,B) A patient (P2) had a comorbid autism-spectrum disorder, tic disorder, which was measured at each DBS programming session using the (A) Total Tic Severity Score and the (B) Yale Global Tic Severity Scale (C–E). A patient (P4) had comorbid substance use (nicotine use disorder, daily cannabis use, and at-risk alcohol use), which was measured at each DBS programming session using craving scales for ETOH (C), marijuana (D), and cigarettes (E).




Charge Density Calculated for the Final Follow-up

All patients in this cohort experienced improvement in their OCD symptoms as measured by change in Y-BOCS, however the stimulation parameters and selected therapeutic contacts at final follow-up varied across patients. To determine whether an association between anatomical location of therapeutic contacts and tissue activation as measured by charge density, we analyzed the relationship between charge density and distance between the AC-ALIC junction and the mid-point of the active contact(s). We found that the lower the charge density was negatively correlated with the distance between the AC-ALIC junction and the active contact(s); r = −0.58, p = 0.037 (see Figure 4 and Table 1).


[image: Figure 4]
FIGURE 4. DBS electrode placement. (A) For each patient, localization of the bilateral DBS leads is visualized in the axial plane at the level of the anterior commissure (AC) – anterior limb of the internal capsule (ALIC) junction; marked in yellow. Axial slices depict co-registered pre-operative MRI and post-operative CT for cases 2–5 and co-registered pre- and post-operative MRI for case 1. Hyperintense circular artifacts in cases 2–5 represent the DBS lead from the post-operative CT; the hypointense circular artifacts in case 1 represent the DBS lead. Note that the axial images depicting lead location at the junction between AC and ALIC, do not necessarily depict the location of the active contact. (B) Visualization and analysis of the association between the distance from the active contact(s) at final follow-up to the AC-ALIC junction and charge density. A significant negative correlation was observed for the relationship between distance between the active contact(s) and the AC-ALIC junction and charge density (p = 0.037, r = −0.58).



Table 1. DBS programming parameters.
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Adverse Events

Some adverse events were encountered during programming, but these were all temporary. Hypomania was the most encountered adverse effect. Patient 1 had jaw tightening and pulling and tongue tingling. Patient 2 experienced transient hypomania and insomnia after an increase in amplitude, and this resolved without intervention within 1–2 days. Patient 3 had hypomania and sympathomimetic effects including flushing, tachycardia, and hypertension. Patient 4 had dysphoria and irritability at a pulse width of 210. Patient 5 experienced hypomania with irritability and aggression.




DISCUSSION

While the efficacy of DBS for OCD has been well-established, there are few reports of success in patients with comorbidities, despite the reality that most patients have comorbid psychiatric diagnoses in addition to OCD (25). Here we report the results of VC/VS DBS in five patients whose comorbidities include substance use disorders, MDD, autism spectrum disorder, psychosis, anorexia nervosa, and tic disorder. A recent study of quality of life QOL in OCD demonstrated that QOL in OCD is often as dependent on the comorbid psychiatric disease as the OCD itself (26). This underscores the fact that “success” from DBS in these patients is heavily dependent on their comorbidities in addition to their OCD.


Anorexia

DBS has been performed for anorexia since 2010, when Israel et al. targeted the subgenual cingulate cortex (27). Other targets include the NAc and the bed nucleus of the stria terminalis (28, 29). These studies have been case reports and case series, so high quality recommendations are not available, though 1-year results of an open label trial at University of Toronto for subcallosal cingulate stimulation demonstrate improvement in body mass index and affective symptoms (30). Comorbid anorexia and OCD have previously been treated by both anterior capsulotomy or VC/VS DBS with improvement in both disorders (31, 32).



Autism

Case reports have demonstrated improvement in both YBOCS and autism spectrum disorder (ASD) in a patient with co-morbid OCD and autism who underwent stimulation of the NAc (33) and of another patient whose NAc was targeted for isolated self-injurious behavior (SIB) in the setting of ASD (34). Other targets reported for SIB in ASD include the basolateral amygdala (35), globus pallidus interna (GPi), and GPi together with ALIC (36), with improvement in the first two cases but only temporary improvement in the third.



Tourette's

DBS has been studied in Tourette syndrome more robustly. About 200 cases have been reported in the literature, and five randomized controlled trials comprising a total of 43 patients have been reported (37). However, the optimal target for Tourette's is still the subject of ongoing debate, as 10 different regions have been suggested in the aforementioned studies, including the GPi (anteromedial and posteroventrolateral portions), the globus pallidus externus, the NAc, the ALIC, the subthalamic nucleus (STN), and four regions within the centromedial thalamus. A recent multi-institutional retrospective study aimed to determine whether one target is superior to others in resolving tics. The study did not find that one target was superior to others for resolution of tics, but it did find that regions superior, medial, or within the GPi were associated with greater improvement in co-morbid OCD symptoms than those inferior (38).



Depression

DBS for treatment-resistant depression (TRD) has been the subject of significant controversy. While open label studies of VC/VS demonstrated promising results (39), a previous randomized-controlled RECLAIM study on the subject was halted early due to lack of significant difference between the two arms after 30 patients had been enrolled (40). Interestingly, in a RCT of 25 patients with bilateral VC/VS DBS in the Netherlands, discontinuation of therapy during the crossover phase resulted in reemergence of symptoms (41). Fifty percent response and 30% remission was noted in open-label long-term follow-up of 28 patients receiving subcallosal cingulate stimulation (42). Other targets being investigated for TRD include superolateral branch of medial forebrain bundle and lateral habenula.



ADHD

No trials of DBS for ADHD have been performed.



Substance Use Disorder

Most work regarding DBS for addiction remains in translational stages. While NAc is the most commonly considered target, the lateral hypothalamus, medial prefrontal (PFC) cortex, STN, lateral habenula, and insula have also been targeted with promising results in animal models (43).



Psychosis

The ventral portion of the CA1 region of the hippocampus, PFC, ventral striatum, NAc, substantia nigra, and ventral tegmental area have been posited as potential targets in schizophrenia (44, 45).

DBS of the VC/VS and NAc has been found to be slightly less effective than lesional anterior capsulotomy for OCD in a literature review, though the groups compared were not exactly analogous since those treated with DBS were more likely to have more severe disease and for a longer time, but it seems that the modulatory nature of DBS makes it more socially acceptable in the fraught world of psychiatric surgery than creation of a permanent lesion (10). Side-effect profiles were similar in both groups. However, as our ability to identify connectivity pathways improves, so too may we be able to predict which patients are the most likely to respond positively to DBS: recent hypotheses focus on the medial and lateral PFC and frontothalamic radiation (46). Another recent study has demonstrated that PFC-related cognitive control, including theta oscillations, improves after DBS of VC/VS (47).

In previous meta-analysis, obsessions and compulsions with sexual and/or religious content are more likely to respond to DBS than other types of compulsions (12). It has also been posited that CBT post-operatively may augment the efficacy of DBS; however, this has only been demonstrated preliminarily in an open-phase trial (48).



Challenges of Programming

This case series highlights many challenges that psychiatrists may face during programming. Patients may feel markedly improved with initial programming (particularly with regards to mood), and, unfortunately, this degree of improvement does not always persist. This may lead patients to feel disappointed and “chase” the good feeling. To limit the chance of this, the primary programmer has learned to increase amplitude very gradually and only to test higher amplitude during initial programming if response is not evident at lower amplitudes. Programming is more difficult in patients who do not have a good awareness of their internal states or emotions. The programmer may need to rely on more objective observations: for example, increased talkativeness, changes in affect, and degree of indecision. It is useful to have friends and/or family members in the room during programming as this allows for more natural conversation and observation of interactions. It can be helpful to discuss a topic of interest to the patient in order to observe his or her level of interest, engagement, and spontaneity. Additionally, patients with OCD often have trouble making decisions, and providing self-ratings during programming is no exception. Some patients have tended to rate their symptoms (on a scale of 0–10) in increments of 0.25, not wanting to mistakenly over-report changes. Again, the programmer can rely on more objective observations in these cases.

Another challenging aspect of programming is that sometimes patients experience adverse effects at the settings associated with most clinical improvement, such as feeling physically anxious, being more irritable, experiencing insomnia, or having sympathomimetic effects. As described above, one patient manages increased irritability by changing settings depending on context. Another patient changes settings for sleep. Psychiatrists may need to add medication for insomnia. Adjustments to pulse width and frequency may mitigate adverse effects in some patients. The programmer must allow adequate time between changes in settings so that effects from a previous setting do not carry over to the next setting. Sometimes a change is very clear, and the programmer can make changes within 30–60 s. Other times, it is less clear, and the programmer may have the patient take a break for 10–20 min or so on one setting then do the same on another to better compare.

As described above, some patients were able to change from one setting to another in order to mitigate side effects or allow for sustained benefit. Other patients were not able to do this effectively. For example, Patient 2 has not been able to turn down DBS (or turn one hemisphere off) at night due to a fear that he will do it incorrectly and “mess up” his DBS. Patient 4 did not tolerate turning amplitude down at night due to feeling significantly more depressed and anxious. One patient (not included in this case series due to having surgery after this manuscript was drafted) developed compulsions related to her DBS, feeling the urge to repeatedly turn DBS on and off in response to obsessions. Some patients may be unable to manage changes appropriately using the patient programmer initially but may be better able to do so farther along the path of DBS programming as their OCD begins to improve.

It is also important to keep in mind that DBS may not mitigate all of a patient's symptoms, but a patient may have a better response to medication with DBS on. As described, patient #4 had residual tic-like compulsions that did not respond to DBS but did respond to addition of an antipsychotic (when a previous trial of an antipsychotic had not been effective). In summary, though an initial algorithm may be followed, DBS programming must be individualized to each patient, and the programmer must be flexible and creative in order to maximize clinical response while minimizing adverse effects.

Finally, while every effort was made to maintain objectivity, we recognize that our un-blinded status and the lack of a control arm are major limitations to our study. Nonetheless, we feel our case series data are worth sharing given the dearth of co-morbid psychiatric disease in more formal studies of DBS for OCD.



Conclusions

DBS has proven to be an efficacious treatment with an acceptable side effect profile for treatment of refractory OCD. Here, we have reported our institutional experience with five patients, all with significant co-morbidities. Furthermore, we report programming parameters, which have been seldom discussed in the literature. While these represent only retrospective data, they aid in our corpus of knowledge regarding bilateral VC/VS DBS for OCD and underscore the need for more high-quality Level I evidence regarding surgical management of OCD.
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Multimodal approaches combining cognitive behavioral therapies (CBT) with non-invasive brain stimulation (NIBS) hold promise for improving the treatment of neuropsychiatric disorders. As this is a relatively new approach, it is a critical time to identify guiding principles and methodological considerations to enhance research rigor. In the current paper, we argue for a principled approach to CBT and NIBS pairings based on synergistic activation of neural circuits and identify key considerations about CBT that may influence pairing with NIBS. Careful consideration of brain-state interactions and CBT-related nuances will increase the potential for these combinations to be positively synergistic.
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INTRODUCTION

A paradigm shift in research focused on neuropsychiatric applications of non-invasive brain stimulation (NIBS) is underway. The traditional focus on non-invasive brain stimulation (NIBS) monotherapy has shifted to calls for research coupling NIBS with cognitive and behavioral interventions (1, 2), reflecting findings of the past two decades demonstrating NIBS effects are “state dependent”: stimulation outcomes depend upon the state of neural activity in the targeted cortical region (3). Recognition of this interaction has sparked interest in improving NIBS efficacy via “functional targeting” that combines NIBS with cognitive tasks that modulate the same circuit being stimulated (4).

One functional targeting approach for psychiatric applications has been to combine NIBS with cognitive-behavioral therapies (CBT). “CBT” encompasses therapy procedures that target maladaptive behaviors and cognitions that underlie psychopathology. CBT is a logical choice for NIBS augmentation. Broadly speaking, CBT has both a strong evidence base and room to be enhanced in terms of efficacy, efficiency, durability, and impact on symptom improvement. CBT enables some degree of control over brain state, and research on the neural mechanisms of CBT is increasingly informing our understanding of its effects on the brain. Early research in this area suggests that combined CBT+NIBS protocols may enhance patient outcomes (5, 6).

We contend that launching this research necessitates we (1) follow principled approaches to inform decisions about how to combine CBT and NIBS, (2) identify key CBT considerations that may influence the rigor of future research, and (3) leverage insights about these assumptions into novel methodologies. In the current paper, we highlight several key considerations related to combining therapist-delivered CBT with NIBS techniques that can be feasibly administered simultaneously or nearly-simultaneously with CBT (i.e., transcranial magnetic stimulation, TMS; transcranial electrical stimulation, tES).



SUCCESSFUL CBT+NIBS INTERVENTIONS DEPEND UPON NEURAL CIRCUIT MATCHMAKING

Functional targeting requires that NIBS and the behavior elicited by a CBT procedure synergistically engage neurocircuitry. It is well-established that different, clinically relevant behaviors targeted in CBT arise from information processing within different neural circuits (7–9). For example, fear conditioning accesses amygdala circuits (10), and override processes that allow behaviors to proceed in spite of fear access ventromedial prefrontal regions [IL in rats (11, 12) and subgenual ACC in humans (13)]. Planning processes depend on prefrontal-hippocampal circuits (14), overtrained habit processes depend on circuits between motor cortical regions and dorsolateral striatum (15), and motivation and reward processes depend on orbitofrontal, ventral tegmental, and nucleus accumbens circuits (16). Current theories suggest that psychiatric conditions can arise from multiple dysfunctions within these neural circuits, and that treatment will need to be focused on repairing damaged circuits or enhancing compensating circuits (17).

CBT+NIBS interventions should activate common or complementary circuitry (2), or otherwise engage compensatory circuits to enhance CBT outcomes. Eliciting specific thoughts, memories, and action-selection processes subserved by the aforementioned circuits through behavioral techniques (such as CBT) makes them labile and manipulable (18–20). This privileges those thoughts and actions to modification, suggesting that the sensitivity of neural circuits will depend on their activation. This suggests a way forward whereby specific CBT-elicited behavioral interactions activate certain circuits, making them amenable to targeted manipulation by neuromodulation techniques. This also implies that NIBS protocols should be designed to bias a circuit engaged by a CBT-evoked behavior toward the desired outcome (e.g., by increasing or decreasing circuit activity). Empirical testing is needed to clarify optimal CBT+NIBS pairings—the key is to begin testing pairings based on hypothesized synergistic co-activation of neural circuits.



CONSIDERATIONS FOR FUTURE RESEARCH


Consideration 1: CBT Is a Collection of Heterogeneous, Dynamic Interventions, and Does Not Uniformly Engage Single Neural Circuits

CBT interventions have shared characteristics (21) but are organized into specific protocols that target particular diagnoses or transdiagnostic processes, developmental stages, patient groups, and/or practice settings. CBT protocols are, by design, multi-component interventions. Components include procedures that target specific symptomatology and those that enhance therapy uptake or durability. Content is intentionally dynamic to support learning and often individualized to address idiographic symptom presentation. Multiple components are also typically delivered within a single therapy session. Notably, there is ongoing debate about which components are necessary and sufficient within particular CBT protocols (22, 23), and the precise learning processes and neural circuits that individual CBT elements impact are not entirely known (24).

Because CBT is a heterogeneous, dynamic intervention, it does not uniformly engage single neural circuits. Optimal CBT+NIBS pairing depends on understanding “which circuits are engaged when.” Future research must develop dynamic functional targeting approaches that enable optimal NIBS delivery and timing depending on the specific CBT elements engaged per session. We must identify the neural circuitry driving a behavioral output before NIBS can be used to modulate the circuitry supporting the targeted behavior. Methodological details that enhance our fine-grained understanding of CBT+NIBS pairings and enhance replicability should be included in published protocols. Though common practice, identifying an intervention only as “CBT” is like calling a specific pharmaceutical a “medication.” CBT+NIBS trials should specify the exact protocol used and detail timing and duration of procedural elements within CBT sessions and in relation to stimulation.



Consideration 2: CBT+NIBS Synergy May Not Necessarily Result From Stimulating a Circuit Shown to Change Pre-post CBT

Due to CBT's dynamic nature, the ways that specific CBT+NIBS procedures interact may be inconsistent over time. For example, circuits are not necessarily engaged consistently within and across CBT sessions and can differ depending on learning stage (25). There may also be individual differences in the circuits patients engage to arrive at the same clinical outcomes, as well as a combination of restorative and compensatory mechanisms associated with treatment response. Animal models may provide insights into how circuit engagement is influenced by biological therapeutics (e.g., stimulation, medication), behavioral training, and potential moderators (e.g., genetics, learning history, development, sex/hormonal status), as well as highlight individual differences to leverage and personalize CBT+NIBS. We should also consider strategies to time-lock circuit-based measurement with methods that quantify human behavior or targeted neural activation during CBT procedures in an effort to inform closed-loop neuromodulation (26). One emerging technique that may be useful in this regard is brain oscillation-synchronized TMS, which uses real-time electroencephalography (EEG) to trigger TMS pulses depending on the oscillatory phase of the EEG signal (27).



Consideration 3: Delivering a Procedural Element of CBT Is Not Equivalent to Delivering a Full CBT Protocol

Some approaches to combining CBT and NIBS have delivered a procedure from within a CBT protocol alongside stimulation, such as presenting anxiety cues as a proxy for exposure therapy (28, 29). This approach may be useful, in that it may more selectively engage a behavior/circuit. However, this approach becomes problematic when critical elements of the procedure are discarded. For example, in trials presenting anxiety cues for OCD (28) and PTSD (29), elements necessary for corrective learning from exposure were not included [e.g., activation of anxiety, restriction of avoidance/escape behaviors (30, 31)]. This example highlights the problem of plucking a procedure out of CBT without attending to specific procedural details that render it therapeutic. A CBT procedure labeled as “therapy” should contain all procedural elements known to be critical for therapeutic change. Methodological decisions about which CBT components to keep or discard alongside NIBS must consider the broader theory and evidence base underpinning the CBT intervention. If a NIBS study uses a CBT component outside of a full CBT package, the element selected should be described precisely (e.g., “anxiogenic stimulus presentation” instead of “exposure therapy”), and a rationale for this choice and implementation should be provided. If participants are given choices about how to engage in the procedure, engagement should be explored as a moderator of outcomes.



Consideration 4: CBT Efficacy Varies Across Individuals and Practitioners

Though CBT is a class of effective interventions with solid empirical support, effects are generally in the “medium” range and vary by disorder (32, 33). Individual differences in personality, motivation, psychosocial environment, cognitive ability, genetics, and neural processes influence CBT gains (34–37). Specific CBT interventions can have unique mediators and moderators of response that may limit or enhance efficacy. Therapist factors can also impact outcomes, such as clinician competence, training, theoretical orientation, protocol adherence, and personal characteristics. Failure to impact clinical outcomes in CBT+NIBS trials may not be a shortcoming of NIBS, but instead reflect CBT's variable efficacy. Efficacy of the standalone CBT protocol should be demonstrated prior to NIBS augmentation. CBT+NIBS trials should also incorporate established treatment fidelity methods to ensure that the CBT is delivered, received, and enacted as intended (38, 39). Quantification of process elements [e.g., patient/therapist behaviors (40)] and measurement of relevant moderators and mediators should also be considered, as these methods may reveal causes of variable outcomes, information that can in turn be used to further refine, personalize, or optimize the intervention.



Consideration 5: The Change Agent of CBT Often Occurs Outside the CBT Session

A core feature of CBT protocols is the completion of “homework” outside of the formal therapy session. Homework typically entails skills practice for learning and generalization, and it engages therapeutic mechanisms necessary for clinical change (41). While some in-session CBT components, such as in vivo exposure, do activate therapeutic mechanisms, homework to repeatedly engage these mechanisms is seen as crucial for solidifying learning and ensuring that gains are not specific to the clinic context (42). Furthermore, in some CBT protocols, the majority or entire therapeutic change process is presumed to occur outside of session, such that the session itself is used to plan and prepare for homework (43). Homework completion is an important predictor of treatment response (44, 45), underscoring that some essential aspects of CBT occur outside of the clinic. This poses challenges for CBT+NIBS, such that neuromodulation may not be delivered in conjunction with mechanisms driving therapeutic change.

To impact homework (or the mechanisms engaged by homework), NIBS likely needs to be deployed in close temporal proximity to skills practice or delivered in naturalistic circumstances. One approach could be to adapt CBT sessions to emphasize active skills implementation or rehearsal concurrently or sequentially to stimulation. Optimal timing of specific CBT and NIBS procedures should be tested; although concurrent administration seems preferable for tES (2), timing is more of an open question for TMS and may differ depending on the outcome being targeted. Another approach could be to test use of NIBS to target circuitry that underlies skill acquisition (learning) during a CBT session. Finally, making NIBS more accessible in a patient's natural environment could enable pairing of homework with stimulation, as well as potentially offer the added benefit of enhancing skills generalization across contexts. Home-based tES delivery holds promise in this regard. Existing research demonstrates home-based tES is acceptable and safe, and guidelines for facilitating compliance and safety monitoring have been established (46, 47).



Additional NIBS Considerations

It is beyond the scope of this paper to review the progress and challenges of NIBS to date, but here we highlight a few NIBS-specific considerations relevant to pairing it with CBT. First, individual patients can respond differently to the same NIBS procedures, with variable response attributable to many factors, including brain anatomy and physiology, medications, and hormonal status. Efforts to control, measure, and ultimately tailor NIBS protocols [e.g., to subgroups or biotypes (48)] should also be considered in CBT augmentation research.

Second, NIBS outcomes reflect an interaction between brain state and the modulated circuit. Cognitive processing, concurrent behavior, emotional state, priming, and wakefulness can moderate NIBS effects (49). Unfortunately, research often overlooks the importance of brain state in favor of focusing on technical aspects of NIBS delivery (e.g., biomechanics of device). Protocols often specify only stimulation parameters and the cortical region being targeted. While these factors are critical to study, doing so without considering brain state attends to only “half of the equation.” Our understanding of CBT+NIBS would be greatly improved by research that systematically measures and manipulates brain states alongside circuit modulation.

Third, more research is needed to determine how different NIBS methods impact specific circuits acutely and longitudinally. Pre-clinical and translational research that systematically and parametrically tests how particular NIBS methods impact disease- or CBT-relevant circuits is a useful prerequisite to informing CBT+NIBS pairings. For example, systematic translational studies can be used to optimize stimulation parameters prior to deploying the NIBS as a treatment [e.g., see (50) for an example in TMS for cocaine use disorder]. Research focused on testing how to best time NIBS delivery in relation to CBT protocols is also critically needed. Timing parameters that could be explored include simultaneous delivery, near-simultaneous delivery (e.g., one immediately following the other, where the first primes the targeted circuit), or sequential delivery (e.g., fully completing one intervention before the other).

Fourth, we should not assume that the circuit that is dysfunctional in a given disorder is the right one to stimulate alongside CBT. As noted above, optimal pairing likely depends on stimulating circuits that promote CBT-evoked behaviors. It is reasonable to suspect that these may in some situations be different circuits than those driving pathology. Researchers should also consider targeting circuits that engage compensatory processes or enhance cognitive strengths. If we over-focus on targeting deficits in an attempt to “normalize” functioning, we will miss opportunities to leverage patient strengths that can improve clinical functioning.




DISCUSSION

The convergence of CBT and NIBS research presents promising opportunities to improve the well-being of those living with psychiatric illness, though we must proceed thoughtfully. If the goal of combining NIBS and CBT is to improve patient outcomes, we have to carefully consider brain state-circuit interactions, circuit activity during specific CBT components, timing of stimulation, and the influences of individual differences, providers, and delivery format. Quantifying what actually happens in and out of CBT sessions will help identify optimal ways to arrange positive synergy between both modalities. We can use NIBS to either target the neural processes that benefit from that CBT component or boost compensatory processes to enhance benefit from that component.

We should also consider innovative ways to modify CBT to better work alongside NIBS. CBT could be modified to more precisely and effectively target neurocognitive processes that are most likely to drive clinical change, for example by dropping unnecessary CBT components or changing the process of how the CBT component is delivered. CBT approaches that target specific symptomatology or cognitive endophenotypes with known underlying circuitry may also be better candidates for NIBS augmentation than CBT approaches that target DSM diagnoses or general cognitive or emotional processes.

These considerations generalize to other multimodal intervention approaches. New technologies that directly manipulate neural circuits are continually emerging. Combining new technologies with CBT will require cognizance of which neural circuits are impacted by CBT so that these two paradigms will be synergistic rather than passing by each other, or worse, interfering with each other.
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Background: Anorexia nervosa (AN) is a life-threatening illness with poor treatment outcomes. Although transcranial direct current stimulation (tDCS) is a promising non-invasive brain stimulation method, its effect in patients with AN remains unclear.

Objective: This study investigated changes in maladaptive eating behavior, body mass index (BMI), and depression after 10 sessions of anodal tDCS over the left dorsolateral prefrontal cortex (DLPFC).

Methods: In this double-blind, randomized controlled trial, 43 inpatients with AN were divided to receive either active (n = 22) or sham (n = 21) tDCS over the left DLPFC (anode F3/cathode Fp2, 2 mA for 30 min). All patients filled the Eating Disorder Examination Questionnaire (EDE-Q) and Zung Self-Rating Depression Scale (ZUNG), and their BMI was measured. These values were obtained repeatedly in four stages: (1) before tDCS treatment, (2) after tDCS treatment, (3) in the follow-up after 2 weeks, and (4) in the follow-up after 4 weeks.

Results: Primary outcomes (EDE-Q) based on the ANOVA results do not show any between-group differences either after the active part of the study or in the follow-up. Secondary analysis reveals a reduction in some items of EDE-Q. Compared with sham tDCS, active tDCS significantly improved self-evaluation based on body shape (p < 0.05) and significantly decreased the need of excessive control over calorie intake (p < 0.05) in the 4-week follow-up. However, the results do not survive multiple comparison correction. In both sham and active groups, the BMI values improved, albeit not significantly.

Conclusion: We did not observe a significant effect of tDCS over the left DLPFC on complex psychopathology and weight recovery in patients with AN. tDCS reduced the need to follow specific dietary rules and improved body image evaluation in patients with AN. Tests with a larger sample and different positions of electrodes are needed.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier: NCT03273205.

Keywords: self-perception, anorexia nervosa, brain stimulation, tDCS, transcranial direct current stimulation, EDE-Q, Zung scale of depression


INTRODUCTION

Anorexia nervosa (AN) is a serious life-threatening illness, which is found throughout all countries and all socioeconomic layers. AN is estimated to occur in 0.3–1.0% females and 0.1–0.3% males (1, 2). It is associated with the highest mortality rate among all mental disorders (5.1 deaths per 1,000 person/years), and the suicide rate for AN is 1.3 per 1,000 person/years (3). AN is a severe eating disorder characterized by deliberate weight loss induced and maintained purposefully by the patient. This disorder is associated with specific psychopathology, in which the intense fear of weight gain persists as an intrusive thought. Food restriction, excessive physical activity, and self-induced vomiting or diarrhea are usually present, resulting in malnutrition with secondary endocrine and metabolic changes. A distortion of self-perceived body image is present in many patients suffering from this condition (4). Standard treatment consists of regimen therapy (restriction of exercise and regular food intake), as well as psychotherapy and psychopharmacological support (antidepressants, anxiolytics, and antipsychotics). Despite medical progress and therapeutic advances, the efficiency of current treatment is only around 40% (5, 6). Therefore, further treatment options should be investigated.

Neurostimulation is a biological approach in psychiatry that includes intentional modulation of basic neuronal activity through targeted delivery of a stimulus (by a magnetic field, by an electric current, or both) (7). Transcranial direct current stimulation (tDCS) is a modern, well-tolerated method, which can be easily applied by trained personnel. It is assumed to be a safe technique (8–10), and the adverse effects are overall mild. The advantages of this method are low purchase costs and great therapeutic potential. In contrast to repetitive transcranial magnetic stimulation (TMS), the current delivered by tDCS is not considered strong enough to evoke an action potential in neurons. tDCS is commonly referred to as both a “subthreshold” and “neuromodulatory” stimulation technique. tDCS acts to modulate the rate of naturally occurring firing of neurons within the stimulated tissue (11). The stimulation shifts cortical excitability to a state of excitation or inhibition (12), depending on the position of electrodes. Anodal tDCS is associated with excitation of the stimulated brain area by depolarizing neurons and increasing the propensity for neuronal firing, whereas cathodal tDCS is associated with hyperpolarization (13, 14). Hundreds of trials in many areas (e.g., schizophrenia, post-stroke aphasia, and tinnitus) are ongoing due to advantages and potential of tDCS. Level B recommendation (probable efficacy) has been proved for treating of craving, major depressive disorder (MDD), and fibromyalgia (15). tDCS treatment of AN has not been consolidated and varies.

Unlike some other mental and neurological disorders, the exact neurobiological correlates of AN have not been fully elucidated. It is assumed that there is a dysfunction in brain reward and emotional circuits, and impaired balance between interoceptive and reward processing. It is known that patients with AN have increased cognitive control and ability to suppress hunger (16–18). There are several targets for invasive neuromodulation (deep brain stimulation) in AN: the nucleus accumbens, which is active on mood and reward pathways; the subcallosal cingulate gyrus as part of mood and anxiety pathways; and the ventral capsule/ventral striatum or anterior limb of internal capsule, which is included in anxiety and emotion pathways (19). Techniques of non-invasive brain stimulation (NIBS; TMS and tDCS) mainly focus on dorsolateral prefrontal cortex (DLPFC). The insula, which modulates reward processing, decision making, interoception, and mentalization (19), was used as a target of neuromodulation in one study only, with the authors using H-coil deep TMS (20). In another study, the dorsomedial prefrontal cortex (DMPFC), which is involved in self-regulation, cognitive and impulse control, decision making, and inhibition, was modulated (21).

DLPFC is involved in cognitive control, executive functioning, working memory, craving, and also control and regulation of the valence of emotional experiences (22–24). Extreme caloric restriction in AN can be a manifestation of a maladaptive mechanism for coping with anxiety, mood disorders, and other negative emotions (16). In the evidence-based guidelines on the therapeutic use of tDCS, anodal tDCS over the left DLPFC (with right orbitofrontal cathode) is promoted in the treatment of major depressive episodes without drug resistance (15). Similarly, tDCS over DLPFC (anodal left and cathodal right DLPFC) improves cognitive control over negative emotions in borderline personality disorder (25). Consequently, stimulation of DLPFC, important in emotion regulation, could reduce the need for dietary behavior. On the other hand, AN is known for excessive cognitive control (16), and DLPFC is considered to be one of the main areas of the cognitive control system (26, 27). Even recovered patients with AN have elevated cognitive control over reward processing (18). Based on these findings, the inhibition of DLPFC has potential to reduce excessive cognitive control in AN.

For AN, Hecht suggested placing the anode over the left prefrontal cortex and the cathode, either on the right homotopic region for non-selective serotonin reuptake inhibitor (non-SSRI)-medicated anorexics or on a non-cephalic site for SSRI-medicated anorexics (28). Khedr et al. (29) applied 10 sessions of anodal stimulation over the left DLPFC (anode F3, cathode extracephalic—over the contralateral arm) in an open-label study to seven treatment-resistant patients with AN. Five of the patients improved, as shown in results from questionnaires on eating pathology and depressive symptoms directly after the stimulations. Three of them were shown to have maintained the improvement at their 1-month follow-up assessments. Recently, Costanzo et al. (30) compared tDCS and family-based therapy (FBT) in patients with AN. They placed the anode on the left DLPFC and the cathode on the right DLPFC in study of 11 participants (three sessions a week, for 6 weeks). The second group of 12 patients received FBT in an open-label study. Body mass index (BMI) significantly increased in the tDCS group compared with the FBT group. No group differences were reported regarding eating disorder symptoms. Strumila et al. (31) stimulated nine patients with AN for 10 days, twice a day with the same placement (anode F3/cathode F4). They noticed reduced eating disorder and depressive symptoms after 20 stimulations and in 1-month follow-up.

We aimed to explore the effect of anodal tDCS over the left DLPFC and with the cathode over the right orbitofrontal region in the first randomized, double-blind, sham-controlled trial of 43 patients with AN. The primary objective of the study was to observe its effect on the eating psychopathology evaluated by Eating Disorder Examination Questionnaire (EDE-Q). The secondary objective was to collect clinical outcomes from stage 1 to 4, including BMI, Zung Self-Rating Depression Scale (ZUNG), tolerability, and safety of tDCS. As the anodal tDCS can influence the emotional regulation (25), we hypothesized that in the group of patients with active tDCS, there will be a greater weight gain and an improvement in eating behavior (e.g., less restriction and reduction of vomiting). Second, because the same protocol is used to treat MDD (15), we expected the rate of depression to decrease more significantly in the stimulated group.



MATERIALS AND METHODS


Participants

All enrolled participants received standard treatment, as they were hospitalized in the Center for Diagnosis and Treatment of Eating Disorders in the Psychiatric Clinic of the First Medical Faculty, Charles University, Prague. The patients followed an intensive, comprehensive in-patient program with individual and group psychotherapy. The refeeding program was individually driven and depended on each patient's current BMI value. They used medication, if needed, over the study period. All participants obtained the tDCS treatment on top of the standard care.

Inclusion criteria consisted of subjects between the ages of 18 and 65 with the diagnosis of AN according to the International Classification of Diseases 10th revision. Exclusion criteria included pregnancy or breastfeeding, a history of strong and frequent headaches, epileptic paroxysm and other severe neurological disorders, history of brain injury, and metallic objects within the neurocranium. Due to COVID-19 and certain technical and organizational challenges, we could not evaluate all consecutively hospitalized patients. All participants signed an informed consent and a General Data Protection Regulation processing agreement (approved by Ethical Committee No. 1955/16 S-IV). The recruitment period was from May 2017 to May 2020. Forty-three patients were selected for the study during this period. Thirty-nine patients were diagnosed with AN (90.7%), and four of them with atypical AN (9.3%). Eight of them were diagnosed with a personality disorder, seven with unipolar depression, and 10 with anxiety disorders, and five had a history of substance abuse (all of them sober for at least 3 months). The demographic data are shown in Table 1. The dataset had to be reduced due to a high dropout rate brought about by various reasons. Two patients (both from sham) kept breaking the rules of the Department (e.g., intentional vomiting and excessive exercising) and consequently were dismissed from the hospital, resulting in the termination in the study. Furthermore, two participants (one from sham and one from active) decided to leave the hospital against medical advice. Two females (sham group) requested to leave the study without disclosing the reason. Side effects represented the last reason (all four patients were from the active group): two patients left due to headache, another one was excluded following mood changes (toward hypomania), and one patient had troubles with blood sugar and an onset of diabetes (32). As a result, the data of 17 patients in the stimulated group and 16 in the sham (placebo) group remained eligible for the statistical analysis at the time of stage 2. Seven patients were lost to follow-up. One patient (active group) suffered from influenza during the third stage, and four participants (three from active and one from sham) finished the therapeutic program and left the Department before the termination of the study. Two patients (sham) withdrew from the study at stage 3. In the end, data of only 13 patients in each group were relevant for the statistical analysis (Figure 1).


Table 1. Baseline demographic and clinical characteristics of the study participants.
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FIGURE 1. Enrollment to the study.




Study Protocol

The study protocol was approved by the Independent Ethics Committee on January 19, 2017, and is registered under number 1955/16 S-IV. The study was also registered in the ClinicalTrials.gov under the identifier NCT03273205. The design adhered to the latest version of the Declaration of Helsinki and International Council for Harmonisation (ICH)/Good Clinical Practice guidelines. It was a two-arm, double-blind, randomized controlled trial. We did not assess the blindness in our study. Participants were randomly assigned to active or sham groups by blocked randomization, and a block size of 4 was given.

We measured BMI, ZUNG, and EDE-Q in four stages: (1) before tDCS treatment, (2) after tDCS treatment, (3) in the follow-up after 2 weeks, and (4) in the follow-up after 4 weeks (Table 2). EDE-Q as a primary measurement for symptoms of AN consists of the four subscales demonstrating acceptable internal consistency with Cronbach's alphas ranging from 0.70 to 0.93 (33). Internal consistency (reliability) of ZUNG is reported in several studies with values around 0.8 (34, 35). The participants as well as the research team on-site remained unaware of the stimulation conditions until the last control.


Table 2. The timeline of the study.
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The active protocol consisted of ten 30-min sessions of 2-mA anodal stimulation over the left DLPFC (F3 in 10–20 electroencephalography (EEG) system) with the cathode over the right orbitofrontal region (Fp2). The HDCstim portable programmable direct current stimulator made by Newronika s.r.l. (Milan, Italy) was used together with electrodes (anode 5 × 5 cm, cathode 6 × 8.5 cm) covered by hydratable holding bags soaked in saline (0.9%) to lower resistance. The current density was calculated at 0.571 A/m2. Modeling of electric fields was performed through SimNIBS software package (36) (Supplementary Figure 1).

For sham tDCS, the same protocol was used, but the device was automatically turned off after 30 s to mimic the typical initial sensation of tDCS and turned on for the last 30 s before the end of the session (so-called ramp-up and ramp-down, respectively). All other factors were the same for both groups (nutritional, pharmacological, and psychoeducational complex treatment “as usual”).



Concomitant Treatment

The patients were enrolled in the study with their current pharmacotherapy. Due to the severity of their conditions, we did not build a washout period into our protocol. The medication is shown in Table 3.


Table 3. The concomitant treatment.
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Statistical Analysis

The relationship between metric variables on the one side and the stage of the treatment and stimulation on the other side was assessed by ANOVA models. These models included the Subject factor explaining inter-individual variability, between-subject factor Stimulation (Stimulation vs. placebo), within-subject factor Stage (Stages 1, 2, 3, and 4), Stimulation × Stage interaction, and further factors such as comorbidities (MDD, anxiety, and personality disorders) and medication (antidepressants and antipsychotics) as covariates.

Before statistical testing, the parametric data were transformed utilizing power transformations toward normal distribution and homoscedasticity of data and residuals as described elsewhere (37, 38). The symmetry of the data distribution and the presence of outliers in the transformed data were evaluated using methods described in the literature (38–40). After analyses were performed, the obtained results were re-transformed by the recurrence formula to the original scale for their presentation.

Relationships between relevant variables in the first stage of the trial and their changes in the second stage of the trial on the one hand and the effect of stimulation on the other hand were evaluated by multivariate regression with a reduction of dimensionality known as orthogonal projection to latent structure (OPLS) (41–44). OPLS is capable of coping with the problem of severe multicollinearity in the matrix of explaining variables, while ordinary multiple regression fails to evaluate such data. In our OPLS models, the logarithm of the ratio of the probability that the subject underwent the stimulation to the probability that the subject was on placebo [logarithm of the likelihood ratio (LLR)] was chosen as a single dependent variable.

The variability in relevant explaining variables was separated into two groups of mutually independent components. The first one contained the variability of relevant explaining variables, which was shared with the effect of stimulation (the predictive component), while the orthogonal components explained the variability shared within the explaining variables.

The OPLS identified the relevant explaining variables and their combinations to estimate the effect of stimulation (Supplementary Figure 2). The relevant explaining variables were chosen using variable importance of projection (VIP) statistics. The statistical software SIMCA-P v.12.0 from Umetrics AB (Umeå, Sweden), which was used for OPLS analysis, detected multivariate non-homogeneities and tested the multivariate normal distribution and homoscedasticity (constant variance). The analysis was adjusted for multiple comparisons using Bonferroni's method. The respective algorithm is in Supplementary Figure 3.




RESULTS

Primary outcomes based on the ANOVA results do not show any differences between groups either after the active part of the study or in the follow-up. Secondary analysis (OPLS) reveals a reduction in certain items of EDE-Q in the 4-week follow-up. However, the results do not survive multiple comparison correction. In sham tDCS, several mood symptoms improved significantly (p < 0.01). In both sham and active groups, the BMI values improved, albeit not significantly.

Table 4 shows the OPLS model that analyzes the relationships between the effect of stimulation and monitored parameters at the beginning of the study as well as the differences between the values at the second and first stages of the study (Δ = Stage 2 – Stage 1). There is a significant positive relationship between the stimulation and the changes in the overall score (p < 0.01) as well as in some individual questions of the ZUNG 5, 11, 12, and 20 (p < 0.01) and question 21 in EDE-Q (p < 0.05). This indicates that the sham group experienced a more pronounced decline in the aforementioned parameters. Table 4 also shows that more patients in the sham group took mirtazapine, smoked more cigarettes, and were older than patients in the active group. After Bonferroni's correction, only the following variables have p < 0.05: age, amount of cigarettes, single questions in ZUNG, and the total score in ZUNG.


Table 4. Relationships between the effect of stimulation (stimulated vs. non-stimulated patients, logarithm of the likelihood ratio, and LLR) and other parameters for the predictive component as evaluated by the OPLS model (for details, see Statistical Analysis).
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Table 5 shows the OPLS model that analyzes the relationships between the effect of stimulation and parameters at the beginning of the study. In addition, it analyzes the differences between the situation at the final stage of the study and at the beginning of the study (Δ = Stage 4 – Stage 1). Table 5 shows significant positive relationships between the changes in two questions in ZUNG (10, 16) and negative associations with two questions of EDE-Q (4, 23). Compared with sham tDCS, active tDCS significantly improved self-evaluation based on one's body shape (EDE-Q 23) and significantly decreased the need of excessive control over calorie intake (EDE-Q 4) in a follow-up after 4 weeks (p < 0.05). In sham tDCS, questions 10 (concerning fatigue) and 16 (ability to make decisions) improved significantly (p < 0.01). This shows that the active group experienced a more pronounced decline in the aforementioned EDE-Q changes but a less pronounced reduction in the ZUNG ones. In addition, more patients took mirtazapine and generally some antidepressants in the sham group. After Bonferroni's correction, the p < 0.05 holds true only for the question 10 in the ZUNG.


Table 5. Relationships between the effect of Stimulation (stimulated vs. non-stimulated patients, logarithm of the likelihood ratio, and LLR) and other parameters as evaluated by the OPLS model and ordinary multiple regression (for details, see Statistical Analysis).
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Table 6 shows the side effects of tDCS in our study. They are very similar to the side effects mentioned in literature (45, 46). The most common side effects were burning sensation under the electrodes and headache. Interestingly, one of the patients indicated an improvement of toothache; one mentioned remission of headache; and another patient noticed a decline in night sweating. On the contrary, there was an onset of type I diabetes mellitus in one patient with active tDCS (32).


Table 6. Summary of side effects.
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DISCUSSION

In this study, we aimed to explore the effects of 10 sessions over the left DLPFC in patients with AN. The main analysis did not prove any significant effect on complex psychopathology and weight recovery in patients with AN. The secondary analysis indicates possible positive impact of tDCS treatment on questions 4 and 23 in EDE-Q. These findings indicate that active tDCS might reduce the urge to follow specific dietary rules and improves self-evaluation based on body shape. These factors are crucial for the long-term outcome of eating disorders.

Depression is often present in patients with AN as one of the comorbidities. According to the literature, tDCS is effective in the treatment of MDD (15, 47), which is why we expected some improvement of the active group in the ZUNG. However, just after the last stimulation (stage 2), the sham group had better results in the total score and in questions 5, 11, 12, and 20 in the ZUNG (p < 0.01). When we compared the first and last stages, there was a significant decrease in the sham group in questions 10 and 16 (p < 0.01 and p < 0.05). This may be explained by higher levels of MDD and higher doses of antidepressants, especially mirtazapine, in the sham group (Tables 1, 3, 4, 5). These could be important factors influencing our results. Another possible explanation is that in AN, affective difficulties are more likely to be secondary to primary eating pathology and increase with age (sham group is older). Thus, if the patients' core difficulties did not sufficiently change, neither did their moods.

The BMI values increased from the first stage to the last stage in both groups. It could be explained by regular food intake and strict control of the medical staff over the patients' eating habits. These might be confounding variables. For more accurate results, we would need a control group of inpatients receiving only the usual treatment.

The results of our study did not confirm promising studies that explored the effect of tDCS in AN. Two open-label trials were applied tDCS in seven and 10 patients (29, 31). Both of them showed an improvement in most of the patients. Costanzo et al. (30) tried to compare active tDCS and family psychotherapy and found that active tDCS was more effective. If we had not compared the active tDCS with the sham, our findings would have shown positive effects of active tDCS. However, in comparison with those of the sham group, most of our findings were not statistically significant.

The present study faces several limitations. First, the results could be influenced by different medications taken by the patients and higher antidepressant doses (mirtazapine in particular) taken by the sham group participants. The second limitation perhaps would be the small number of patients. We analyzed only 33 out of 43 patients enrolled in this trial, which is a borderline number for this kind of study. Third, the number of stimulations was rather small. Unfortunately, low compliance is typical for the diagnosis of AN, and the dropout rate equals to ~20–40% (48). In our study, the dropout rate was 23% up to stage 2, and 40% including the follow-up. To secure participation, we used only 10 stimulations, but it appears that the effects of tDCS can be cumulative (49, 50). Some studies demonstrate a long-term effect of tDCS in months or even years (51–54). We might not have reached the full potential of our protocol due to the small number of sessions in our study. Another important shortcoming of our study was a large number of variables (different ages, comorbidities, durations of the illness, and numbers of hospitalizations). Typically, the more chronic the illness, the lower the probability to recover.

To ensure appropriate application of tDCS, it is necessary to consider several factors, with the first being the target area, which should be selected based on neuroimaging studies and recent neuroscientific knowledge. Most of NIBS studies in AN targeted left DLPFC (19). Phillipou et al. published a systematic review of the neurobiology of AN and reported structural and functional brain imaging in AN. Nevertheless, the results are not definite due to many inconsistencies across study procedures, and the mechanism of this illness is still poorly understood (55). We can only presume that anodal modulation over the left DLPFC can bring some changes in patients with AN. There are several brain structures, which could be potentially suitable for the NIBS in AN. Phillipou et al. found distinctive eye movement abnormalities in patients with AN (56) and suggested neuromodulation of the inferior parietal lobe (57). As already mentioned at the beginning, also DMPFC (21) and insula (20) might be possible targets. The right DLPFC seems to be one of the fundamental regions for response inhibition (58, 59), which is one of the main cognitive processes. Based on the analyzed tDCS studies, it is mainly anodal tDCS over the right DLPFC, which improves the performance in healthy volunteers (60). As the patients with AN have an increased cognitive control, it would be worth trying cathodal tDCS over the right prefrontal cortex with anode extracephalic.

The electrode placement and their size are also important factors. The tDCS montage should be designed based on a current flow simulation executed beforehand. The reference electrode should be big enough, so that the current density under the electrode is insignificant, or another possibility is the use of several small return electrodes, which is even more efficient (61). That is why high-definition tDCS (four to eight electrodes), with more precise targeting, could be one of the possible future directions. One of the protocols for AN is already suggested by Phillipou et al. (57). Friehs et al. presented a simulation of current flow (performed with SimNIBS) when targeting the right DLPFC through two distinct setups. The first option encompassed a small anodal electrode (9 cm2) over the F4 position and cathode (9 cm2) extracephalic. The second option included 35 cm2 anode over F4 and 35 cm2 over the left supraorbital area. The presented difference is striking (60). Even if two studies target the same region, the different stimulation setups bring different effects. Also, our electrode placement may not have been optimal for maximum left DLPFC stimulation. The cathodal placement (Fp2) did not allow us to distinguish specific effect of left DLPFC excitation and decreased the stimulation focality (Supplementary Figure 1). It would have been more appropriate to place anodal electrode over the left DLPFC and cathodal electrode extracephalic as suggested by Hecht (28). An innovative placement was used by Frings et al. as they tried to influence cognition in healthy volunteers by a single session of tDCS. Instead of frequently used F3–F4 setup, a small electrode of 9 cm2 was placed over the left DLPFC and an electrode of 35 cm2 was placed over the parieto-occipital cortex. This alternative approach contrasting anodal vs. cathodal stimulation can help to distinguish inhibition vs. stimulation of the DLPFC (62).

Moreover, the current strength and current density should be taken into account. The smaller electrode, the lower the strength of the current necessary to achieve a constant value of the current density (61). For more practice guidelines in tDCS procedures, see Friehs et al. (60).

The psychiatric comorbidities are very common in people with eating disorders (>70%) (63). They usually share some similar characteristics; e.g., patients with AN have often obsessive compulsive disorder and MDD symptoms. Future tDCS studies in patients with AN could leverage more personalized protocols according to the predominant symptoms (19). A similar practice was used in electroconvulsive therapy (ECT) for treating AN [e.g., (64, 65)] or in deep brain stimulation studies (66). In the future, also individual placement guided by MRI (67) and a combination of tDCS and cognitive remediation or psychotherapy are another potential options for clinical research in AN. Although research in the identification of responders to repetitive TMS (rTMS) using EEG has yielded results (68), there may be underlying yet unidentified physiological factors that limit the response to tDCS. Research in this area also seems to be essential in order to personalize the treatment.



CONCLUSION

Compared with sham, active treatment was not effective enough to cure complex psychopathology of AN. Our study suggests that tDCS may be beneficial for those with persisting body image disturbances or obsessive-compulsive calorie control, important factors for the remission achievement. More studies are necessary to confirm our results and specify clinical implementation additional to therapy as usual. Further research of efficacy of tDCS needs to concentrate on more specific and personalized indications.
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Interventional yoga studies with an active control group remain scarce and are important to clarify the underlying neurobiology. We conducted an interventional study in healthy controls using simultaneous positron emission tomography/magnetic resonance (PET/MR) imaging and psychometric scales. Thirty healthy, female volunteers (28.4 ± 8.4 years) participated and were randomly assigned to a 12-week yoga or indoor cycling intervention. Before and after the intervention, [18F]FDG and [11C]UCB-J PET was performed on a simultaneous GE Signa PET/MR with volumetric imaging. Psychometric scales were evaluated on affect, mindfulness, stress, worrying, self-compassion, and interoceptive awareness. Yoga subjects scored higher on interoceptive awareness compared to baseline (p < 0.001). Cognitive (P = 0.009) and overall cognitive functioning (P = 0.01) improved after the yoga intervention compared to the cycling group. We did not observe significant differences in glucose metabolism, synaptic density, or gray matter (GM) volume. The indoor cycling group did not show changes in psychometric variables, but significant increases in relative glucose metabolism were observed in the parahippocampal/fusiform gyrus and cerebellum (P < 0.001). In conclusion, 12 weeks of yoga practice has significant effects on interoceptive awareness and perceived cognitive function in starters. Longer interventions and/or higher frequency of yoga practice may be needed to detect cerebral metabolic and/or morphologic effects on the macroscopic level.

Keywords: yoga, longitudinal interventional study, PET/MR imaging, FDG, synaptic density, indoor cycling


INTRODUCTION

Yoga combines meditation (dhyana), physical postures (asana), and focused breathing (pranayama). It has become increasingly popular in the Western world as an approach to improve health and well-being (1) and has received more and more interest from a research perspective. Behavioral studies have shown that yoga can be an effective multi-component health intervention to reduce stress, increase physical fitness, and improve general well-being and quality of life (2, 3). Psychological dimensions improved by yoga include self and body awareness, coping capacity, stress, mindfulness, and self-compassion (2, 3). Besides behavioral studies, a limited number of imaging studies have investigated the effects of yoga on objective biomarkers in the brain. Different advanced neuroimaging techniques such as positron emission tomography (PET) and magnetic resonance (MR) imaging allow to investigate the biochemical, functional, and structural effects of yoga in a non-invasive way (4). However, since most studies so far have focused specifically on the meditational dimension of yoga, evidence for the combined tripartite effects is scarce. Based on imaging and physiological data, a leading hypothesis of an underlying neurobiological mechanism of yoga is that breathing exercises, meditation, and baroreflex-promoting poses induce a shift in the parasympathetic nervous system through activation of gamma aminobutyric acid (GABA) release through the vagal nerve (5, 6).

In cross-sectional studies, structural effects on gray matter (GM) volume have been described by MR imaging, with increased GM volume in the insular cortex and hippocampus as most consistently reported findings in (experienced) yoga practitioners (7, 8). It has been postulated that changes in GM volume might be the result of neuroplasticity (9). Few functional or molecular PET studies have been conducted in yoga practitioners. [18F]Fluorodeoxyglucose (FDG) PET imaging enables measurement of regional neuronal activity. In a recent [18F]FDG PET study in experienced yoga practitioners, we found a significant decrease in the limbic system compared to physically active but yoga-naive subjects (10). Such downregulation in metabolic activity could be due to GABA-mediated inhibition, development of more efficient brain metabolism, or a pre-existing phenotype in yoga practitioners. Therefore, a longitudinal study is warranted to clarify possible underlying mechanisms. Glucose metabolism is majorly determined by glutamate neurotransmission and neuron-astrocyte interactions (11). Furthermore, recently imaging of synaptic density has become available by means of PET radiotracers such as [11C]UCB-J. This ligand binds to the presynaptic vesicle protein 2A (SV2A) with high affinity and specificity, and is altered in several neuropsychiatric conditions (12–16). For the first time, this opens the possibility to investigate whether an intervention can induce neuroplasticity by axon sprouting and neurogenesis (9). Combined measurement of synaptic activity and synaptic density could therefore offer complimentary measures of brain function (17).

As the choice of an appropriate control group is critical to disentangle the impact of yoga practice on brain function without confounding factors (4, 18), we have chosen to use moderate-intensity indoor cycling as control intervention. Both interventions are practiced in group, can be guided by a skilled teacher, are of similar duration per exercise unit and can be metabolically matched. Also aerobic exercise induces beneficial psychological effects, such as increased self-esteem, self-satisfaction, confidence, and improved turmoil (19).

The aim of this study was to compare a 12-week yoga intervention vs. aerobic moderate intensity exercise with neuropsychological endpoints as well as longitudinal positron emission tomography/magnetic resonance (PET/MR) imaging of glucose metabolism, synaptic density and structural imaging. This was performed in yoga-naïve sedentary individuals to exclude effects of previous training.



MATERIALS AND METHODS


Subjects

In total, 30 right-handed healthy sedentary female volunteers [n = 30; age: 28.4 ± 8.4 (SD) years] participated in the study. Subjects were in good health according to their medical history, physical examination, general laboratory test (blood and urine) screening, and general neuropsychological evaluation [Symptoms Checklist (SCL90), Beck's depression inventory (BDI) (20), and mini-mental state examination (MMSE)]. The main exclusion criteria consisted of a history of major internal disease, previous severe head trauma, a psychiatric disorder, and use of centrally acting drugs. All subjects were required to have a sedentary lifestyle, defined as doing <1 h of exercise a week the year prior to study participation. The study was approved by the local University Ethics committee (study number S59792—Belgian Registration Number B32220173162) and was conducted in full accordance with the latest version of the Declaration of Helsinki. All participants provided written informed consent before inclusion in the study.



Study Design

The study design is reported in Supplementary Figure 1. All subjects underwent up to two PET/MR scans ([18F]FDG in all and [11C]UCB-J for most participants) at baseline and after 12 weeks of intervention. After the baseline scan, subjects were randomly assigned to either the yoga intervention group (n = 15) or an indoor cycling intervention group (n = 15) (physical blinded number picking by the subjects). The yoga group was planned to attend yoga classes for 12 weeks, twice a week with 60-min sessions. In addition, their regular exercise regimen (<1 h/per week) was allowed. All yoga sessions took place in the same studio in Leuven (Flowing Yoga, Mrs. K. Marent). Different yoga styles for beginners were allowed to the participant's choice, including easy flow, prana vinyasa easy flow, ashtanga basics, and Yin and Yang yoga. These yoga styles all included approximately the same time ratio of physical postures (±70%), breathing exercises (±25%, in between the different postures) and guided meditation (±5%).

Participants assigned to the cycling group had to attend 60 min of indoor cycling classes for 12 weeks, also twice a week (with regular exercise routine (<1 h of exercise/per week) allowed). At their first training, cycling group subjects had to perform an individual power level test, to determine their individual threshold power defined as 90% of their peak power. The cycling subjects then received the instruction to keep the mean power below 80% of their individually determined threshold during the cycling classes, in order to stay within aerobic conditions and to match the physical intensity level with the yoga intervention.

Both yoga and cycling sessions were registered by the yoga studio and sport center, respectively. Moreover, participants had to keep a diary to track their lessons. For both groups a minimum of 20 lessons was required to complete the study.



Psychometric Evaluation

All participants completed a battery of psychometric questionnaires at baseline and post intervention. In line with the previously observed psychological effects of yoga (3), the following dimensions were sampled: affect (21), mindfulness (22–24), stress (2, 22), worrying (22), self-compassion (23), and interoceptive awareness (25). The specific scales sampled in this study included:

– Multi-assessment interoceptive awareness (MAIA) scale. The MAIA questionnaire measures interoceptive awareness, defined as the awareness of signals from the inside of the body and higher-order top down processes. In total eight subdimensions are measured: noticing, not-distracting, not-worrying, attention regulation, emotional awareness, self-regulation, body listening, and trust (26).

– Leuven Affect and Pleasure Scale (LAPS) (27). This scale offers a comprehensive assessment of negative and positive affect, hedonic tone, and independent variables on cognitive and overall functioning, evaluation of a meaningful live, and happiness.

– Five-Facet Mindfulness Questionnaire (FFMQ) (28). Mindfulness is defined as “paying attention in a particular way: on purpose, in the present moment, and non-judgmentally.” This questionnaire includes five factors that represent elements of mindfulness, including observing, describing, acting with awareness, non-judging of inner experience, and non-reactivity to inner experience.

– Perceived Stress Scale (PSS) (29). This psychological instrument is used to measure perception of stress.

– Penn State Worry Questionnaire (PSWQ) (30) to measure the trait of worry.

– Self-Compassion Scale (SCS) (31). Self-compassion is described as “being open to and moved by one's own suffering, experiencing feelings of caring and kindness toward oneself, taking an understanding, non-judgmental attitude toward one's inadequacies and failures, and recognizing that one's own experience is part of the common human experience.” This scale is a psychometrical measure of self-compassion and includes six subscales: self-kindness, self-judgment, common humanity, isolation, mindfulness, and over-identification.



Image Acquisition

All PET and MR data were acquired on a simultaneous Signa time-of-flight (TOF) PET/MR scanner with fast Silicon photomultiplier detectors inside a 3T MR magnet (GE Healthcare, Chicago, IL, USA). Subjects fasted at least 3 h prior to [18F]FDG injection. Subjects received an intravenous bolus injection of [18F]FDG (at baseline: 118 ± 12 MBq and post-intervention: 119 ± 9 MBq) in supine position with a 20-min accumulation period in a quiet and dimly lit environment. During the accumulation period, subjects were asked to close their eyes but remain awake. Subsequently, a static 30-min [18F]FDG PET/MR scan was acquired. [18F]FDG (GlucogastTM, UZ Leuven, Belgium) was produced in-house according to an approved manufacturing authorization, with a radiochemical purity >95%. After the [18F]FDG PET acquisition, a single venous blood sample was collected to measure blood glucose concentration and the remaining [18F]FDG radioactivity to calculate a simplified measure of absolute glucose consumption (Hunter method) as validated previously against absolute arterial spin labeling (10, 32).

Additionally, a subset of participants (n = 20; 10 in each group) received an additional SV2A PET scan using [11C]UCB-J. This subset was chosen randomly, and only based on the logistics (availability) of the [11C]UCB-J tracer production. The precursor was obtained from UCB and labeled on site under GMP standards with a radiochemical purity >95%, as described previously (33). Subjects received a bolus injection of 270 ± 60 MBq (specific activity 239 ± 133 GBq/μmol) and of 262 ± 61 MBq (specific activity 187 ± 73 GBq/μmol) at baseline and post-intervention, respectively. This bolus was administered at least 100 min prior to the [18F]FDG injection (with 20 min physical half-life the [11C]UCB-J activity was mostly decayed before [18F]FDG PET). Sixty minutes post-injection, a 30-min static [11C]UCB-J scan was acquired to be quantified using a reference tissue approach (33).

PET data were rebinned in six frames of 5 min, corrected for dead time, randoms, scatter, and time-offset (34). An MR-based attenuation correction (MRAC), based on zero-echo time (ZTE) MR images (3D radial acquisition; Flip Angle: 0.8°; Bandwidth: 62.5 kHz), was used for attenuation correction (35). Positron emission tomography images were reconstructed using OSEM (ordered subset expectation maximization; 28 subsets; 4 iterations) algorithm, including time of flight (TOF) information, resolution modeling, and an in-plane Gaussian post-smoothing with a FWHM (full width at half maximum) of 4.5 mm.

Simultaneous with the PET data acquisition, the following MR sequences were acquired [using an eight-channel high-resolution receiver head coil (GE Healthcare)]: 3D volumetric T1-weighted BRAVO (plane: sagittal; TE: 3.2 ms; TR: 8.5 ms; TI: 450 ms; flip angle: 12°; receiver bandwidth: 31.25 kHz; voxel size: 1 × 1 × 1 mm) and fluid-attenuated inversion recovery (FLAIR) 3D CUBE (TR: 8,500 ms, TE 130 ms, voxel size: 1 × 1 × 1.4 mm).



Image Data Analysis

Both [18F]FDG and [11C]UCB-J PET data were analyzed on a voxelwise basis, using SPM12 (Statistical Parametric Mapping, Wellcome Department of Imaging Neuroscience, London, UK), and using a predefined volume-of-interest (VOI) approach (PMOD software v3.9, PMOD Inc., Zurich, Switzerland).

Reconstructed PET data were corrected for motion. Parametric standardized uptake value ratio (SUVR) images for [11C]UCB-J were generated, using the centrum semiovale (CS) as validated reference region in healthy volunteers (33, 36). For [18F]FDG PET regional cerebral metabolic rate of glucose (rCMRGlc) (mmol/l/min) maps, first blood glucose concentration was measured at the end of the scan and a venous blood sample was centrifuged for 5 min (4,000 rpm, 4°C) to measure the remaining tracer concentration in plasma (gamma counter; Perkin Elmer, 1480 WIZARD). A lumped constant of 0.65 was applied for all regions to calculate rCMRGlc values (32, 37). For two subjects (both in the yoga group at post-intervention), these maps could not be generated due to technical errors in plasma analysis and blood sample withdrawal, respectively. These two subjects were therefore excluded from the rCMRGLc data analysis.

All post-intervention [18F]FDG and [11C]UCB-J parametric PET maps were first co-registered to their respective baseline images. Subsequently, all PET images were co-registered to the subject's own T1-weighted MR image and spatially normalized to the Montreal Neurological Institute (MNI) space using a non-linear normalization with a DARTEL algorithm (SPM12). To reduce noise at the voxel level and account for gyral variations, PET images were additionally smoothed using a Gaussian FWHM of 8 mm. To exclude extracerebral activity, a relative threshold of 80% of the mean and an implicit CSF and GM mask was used.

Voxel-based findings were corroborated with a predefined VOI analysis using the N30R83 Hammers probabilistic atlas and AAL-merged in PMOD (38, 39), as the AAL-atlas allows for a more detailed delineation of the entire brainstem (VOIs for the medulla, pons, and midbrain). To reduce dimensionality and avoid type II errors, the standard 83 VOIs were merged into 12 larger, bilateral VOIs: FCx, frontal cortex; ACCx, anterior cingulate cortex; PCCx, posterior cingulate cortex; LTL, lateral temporal lobe; MTL, medial temporal lobe; PCx, parietal cortex; OCx, occipital cortex; Str, striatum; Thal, thalamus; ICx, insular cortex; Cbl, cerebellum; Bs, brainstem.

For the voxel-based morphometry (VBM) analysis, the Computational Anatomy Toolbox (CAT12) (40) implemented in SPM12 was used. All individual T1-weighted MR images were segmented into GM, white matter (WM), and cerebrospinal fluid (CSF), spatially normalized using the DARTEL algorithm and modulated with the Jacobian warp parameters. After pre-processing, GM images were smoothed with a Gaussian kernel of 8 mm. An absolute threshold masking of 0.1 to avoid edge effects around borders between GM, WM, and CSF was used.



Statistical Analyses

Statistical analyses were conducted using Prism (v5, GraphPad, San Diego, USA) or SPSS (v26, IBM, Corporation, Chicago, Illinois). P-values were considered significant at an alpha level of 0.05. For the psychometric questionnaires, data were analyzed in a repeated ANOVA design (interaction effect group × time), followed by post-hoc between-group unpaired t-tests (yoga vs. indoor cycling, at baseline and post-intervention) and within-group paired t-tests (baseline vs. post-intervention, in the yoga and indoor cycling group). In SPM, both PET targets and the T1-weighted images (VBM) were explored in a flexible factorial design to investigate interaction effects and in a 2 × 2 design; post-hoc between-group unpaired t-tests (yoga vs. indoor cycling, at baseline and post-intervention) and within-group paired t-tests (baseline vs. post-intervention, in the yoga and indoor cycling group). Both absolute (parametric rCMRGlc images and SUVR [11C]UCB-J images) and relative ([18F]FDG uptake and [11C]UCB-J, normalized to global [18F]FDG uptake and global [11C]UCB-J binding in GM, respectively) were analyzed. SPM data were analyzed at a voxel-level Pheight < 0.001, cluster extent threshold kE = 237 voxels (corresponding to a size of 0.8 cm3; applied voxel size = 1.5 × 1.5 × 1.5 mm), and cluster-level PFWE < 0.05. Total intracranial volume was used as covariate for the VBM SPM group analysis. Correlations between significant effects on brain regions and the psychometric scores were explored.




RESULTS


Subject Characteristics

In total 33 subjects were initially included and scanned at baseline. Two subjects withdrew and one was excluded after the baseline scan due to significant WM lesions due to a delivery trauma at birth. After randomization (paper picking of numbers 1 or 2 by the subjects), a small but significant age difference [31.8 ± 9.8 years (yoga, range 22–51 years) vs. 24.9 ± 5.1 years (cycling, range 19–38 years), P = 0.02] was present between both groups. This difference was neglected as for FDG PET, SV2A PET density and structural MR imaging no significant age effect between 20 and 50 years is known (41–45). Also, although both female and male subjects were eligible in the study, only female subjects were included (Table 1). In the yoga group, the average number of lessons attended was 21.1 ± 1.2 (range 20–24); similar to the cycling group: 21.4 ± 1.4 (range 20–24), P = 0.49.


Table 1. Subject demographics and study-related variables.
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Psychometric Scales

For the psychometric scales, no significant interaction effect (group × timing) was found. However, a significant increase after yoga intervention was observed in the MAIA interoceptive awareness total score compared to baseline (26.2 ± 5.2 vs. 23.9 ± 4.7, P = 0.001 (uncorrected), remaining significant after Bonferroni correction for the number of scales) (Figure 1; Table 2). For the MAIA subscores, this increase was also reflected in the subdimensions “noticing” (P = 0.02 (uncorrected), Bonferroni uncorrected), “emotional awareness” (P = 0.009, uncorrected), “self-regulation” (P = 0.015, uncorrected), and “body listening” (P = 0.007, uncorrected). For the cycling group, a significant (P = 0.04, uncorrected) increase in the emotional awareness score was observed, but no overall effect on the global MAIA score.


[image: Figure 1]
FIGURE 1. Results of the multidimensional assessment of interoceptive awareness (MAIA) scale and subscales of both groups (yoga and cycling), at baseline (BL) and post-intervention (POST). Significant results of the paired tests are indicated with * (P < 0.05, uncorrected) and ** (P < 0.005, uncorrected).



Table 2. Psychometric results of the between and within group analyses.
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Furthermore, in the yoga subjects, scores on the “observe items” of the mindfulness FFMQ questionnaire increased significantly (P = 0.04, uncorrected) compared to baseline (Table 2). No significant intervention differences were observed for the PSS, PSWQ, and SCS.

For the between group analysis at baseline, both groups did not score significantly different on the psychometric scales. A significant difference between groups was observed after the intervention however, showing higher scores on “cognitive functioning” (P = 0.009, uncorrected) and “overall functioning” (P = 0.01, uncorrected) subscales of the LAPS affect and pleasure scale in the yoga group compared to the cycling group.



Glucose Metabolism and Intervention Effects

No significant interaction effects were found. No significant differences in absolute glucose metabolism were found between both groups (at baseline and post-intervention), nor within groups (comparing the baseline vs. post-intervention condition). The mean absolute glucose metabolism values in the different composite VOIs are shown in Figure 2A. For relative glucose metabolism, normalized on total GM, no differences were found between groups Figure 2B. Within-group analyses showed no significant differences after the yoga intervention. However, for the indoor cycling group, the paired within-group showed significant increases in relative glucose metabolism in the cerebellum (region 4, 5, 6, and 10), fusiform gyrus, and parahippocampus with a peak effect in the right and left upper cerebellar gyrus (region 4/5), of +4.3 and +5.7%, respectively (Figure 3A; Supplementary Table 1). The VOI-based analysis confirmed this significant relative increased glucose metabolism in the parahippocampus (+2.2%; P = 0.0002) and fusiform gyrus (+2.2%; P = 0.006) (Figure 3B). Regional average relative glucose metabolism values in the different composite VOIs are given in Figure 2B. No significant correlations were found between the psychometric scores and increased regional relative glucose metabolism in the indoor cycling group.
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FIGURE 2. Regional mean (A) absolute glucose metabolism (rCMRGlu), (B) relative glucose metabolism, (C) SUVR [11C]UCB-J, and (D) relative synaptic density in the composite VOIs (FCx, frontal cortex; ACCx, anterior cingulate cortex; PCCx, posterior cingulate cortex; LTL, lateral temporal lobe; MTL, medial temporal lobe; PCx, parietal cortex; OCx, occipital cortex; Str, striatum; Thal, thalamus; ICx, insular cortex; Cbl, cerebellum; Bs, brainstem). Error bars represent one standard deviation.
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FIGURE 3. Within-groups analysis of relative glucose metabolism. (A) Voxel-based paired t-statistical map for the cycling group showing increased relative glucose metabolism post intervention compared to baseline. Evaluation at PFWE < 0.05 corrected at cluster level, Pheight < 0.001 uncorrected at voxel level, Kext >0.8 cm3. The results are projected on the group's average 3D T1-weighted MR. (B) Regional relative glucose metabolism in the parahippocampus (+2.2%; P = 0.0002) and fusiform gyrus (+2.2%; P = 0.006), paired t-tests. **: P < 0.005.




Synaptic Density and Intervention Effects

No significant interaction effects were found. The groups did not differ in synaptic density (n = 10 each), both in absolute (SUVR) as well as in relative terms. Neither intervention resulted in a demonstrable effect on regional synaptic density. The mean [11C]UCB-J SUVR and relative synaptic density VOI-based values for the baseline and post intervention conditions are shown in Figures 2C,D.



Gray Matter Volume and Intervention Effects

No significant interaction effects were found. At baseline, no differences in GM volume values were found between both groups. Also, VBM did not show significant changes in GM volume after the 12-week yoga intervention nor after the cycling intervention.




DISCUSSION

Several cross-sectional imaging studies have shown that long-term yoga practice may lead to both structural and functional/metabolic alterations (7, 46). The objective of this (current) study was to determine in a longitudinal study whether behavioral and multimodal imaging biomarker change in sedentary healthy subjects starting either a yoga intervention vs. a physical matched intervention. Whereas, a clear effect on relevant behavioral changes was present, including interoceptive awareness and cognition scores, no significant imaging-based changes were found after this 12-week intervention.

For the psychometric scales, especially interoceptive awareness increased significantly after successful completion of a 12-week yoga intervention with more than 20 sessions. Previous studies have shown similar behavioral effects after mindfulness interventions, accompanied by increases in the MAIA subscales as well (26, 47). After a mindfulness intervention of 3 months, Bornemann et al. found significant overall increase in interoceptive awareness in healthy volunteers, with significant changes on self-regulation, attention regulation, emotional awareness, body listening, and trusting subscales. Also de Jong et al., investigating patients with chronic pain and comorbid depression, reported significant effects of an 8-week mindfulness intervention, on self-regulation, emotional awareness, and not-distracting subscales (26, 47). Effects on the self-regulation and emotional awareness subscales, also found in our study, thus show an overlapping effect of mindfulness and yoga-based interventions. Of interest, in our study specific “formal” guided meditation components represent only a minor part of the whole yoga lesson. During yoga practice, interoceptive awareness is addressed by drawing attention, feeling emotions, and bodily sensations to the present moment. This indicates that adding the dimensions of breathing techniques and meditation are needed to alter interoceptive awareness, as only exercise as shown in the control arm with indoor cycling, was unable to change this. In contrast, the FFMQ, a particular scale oriented toward mindfulness did not change significantly in our study. This is in contrast to previous interventional studies that had a stronger focus on additional mindfulness or yoga philosophy components such as Kripalu yoga emphasizing the cultivation of “witness consciousness” and compassion, and a combination of yin yoga and mindfulness (22, 24), compared to the yoga styles practiced in this study. Specific mindfulness-based interventions may be needed to improve self-compassion (48). Also, a significant relationship between class frequency or practice experience with mindfulness scores and self-compassion levels has been found previously, suggesting that the frequency and length of a yoga intervention plays a crucial role in achieving optimal changes in mindfulness and self-compassion scores (23).

Mind-body interventions such as yoga are increasingly used for stress reduction, often investigated with the perceived stress scale (22, 24, 49). In a systematic review addressing the effects of yoga on stress in healthy individuals, yoga was beneficial on reducing stress levels in the majority of the included studies (50). However, here we did not observe a decrease in perceived stress. Some participants mentioned at the end of the study that introducing the intervention in their daily life schedule was even stressful at times. Other studies have found even increased stress levels at the end of a yoga intervention that could be related to a too overwhelming class schedule on top of daily activities and/or that the expectations were not in line with reality (49). As previous research has addressed a beneficial effect of yoga in mood disorder (depression and anxiety), we also explored the effects of yoga on affect in healthy subjects. In this study, we found increased scores on cognitive and overall functioning with the LAPS in the yoga group compared to the controls after the intervention. Although no differences were found on positive affect, increases in cognitive functioning may precede effects on positive affect, as a link between cognitive functioning and positive affect has been described previously (27).

Regarding the three neuroimaging markers (i.e., glucose metabolism, synaptic density, and GM volume), we did not observe significant differences in any of these markers after the yoga intervention compared to baseline. In our previous cross-sectional study, a strong and highly significant decrease in the medial temporal cortex, striatum, and brainstem was observed in experienced yoga subjects, with an average of 4.8 years of yoga experience and at least four practices per week, totaling at least 150 sessions per year (10). This is markedly different from the frequency and duration of the current study where yoga-naive participants practiced yoga only twice a week for 12 weeks with on average 21 sessions, which may have been too short or too infrequent to instigate measurable metabolic effects. The intervention duration for the current study was chosen as a practically achievable time scale, so new designs will have to take longer durations and/or more frequent sessions into consideration.

After the indoor cycling intervention, significant clusters of increased resting glucose metabolism were found in cognitive and motor brain areas: parahippocampal gyrus, fusiform gyrus, and upper cerebellum. The parahippocampal gyrus is associated with many cognitive processes, including visuospatial processing and episodic memory, but also emotion processing (51). Extensive involvement of the parahippocampal gyrus has been found in the majority of animal and human studies investigating neuronal activity in relation to physical activity (52), and was associated with positive effects on memory (53, 54). This is supported by evidence of increased levels of serum brain derived neurotrophic factor (BDNF) after exercise interventions (55–57). Brain derived neurotrophic factor is an important molecule for synaptic plasticity and known to play a crucial role in learning and memory (58). Increased levels of BDNF have been repeatedly reported in the hippocampal regions of rodents after physical activity (59, 60). Similarly, elderly healthy subjects that were more physically active showed higher glucose metabolism in the parahippocampus and fusiform gyrus (61). The link between physical activity and increased glucose metabolism in the fusiform gyrus remains speculative as the fusiform gyrus is mainly known for its involvement in functionally specialized computations of higher-order visual features such as object recognition and face perception (62, 63). In line with the observed increased glucose metabolism in the upper cerebellum, Talukdar et al. found that general aerobic fitness was significantly associated with increased brain activity in the upper cerebellum in addition to sensory, motor, and memory processing regions (64). The connections of the upper cerebellum with the primary motor cortex and a somatotopic organization of both lower and upper limbs, play a pivotal role in motor functioning, which is heavily interrogated during indoor cycling or aerobic activity (more than in slow, postural changes in yoga) and could therefore explain this association.

It can be hypothesized that alterations in glucose metabolism, a main determinant of synaptic activity, may after time lead to strengthening of synapses (65). Therefore, only after long enough metabolic activation, more synaptic connections (hence synaptic density) and ultimately microstructural increases in GM volume can be expected. Concerning effects of yoga on macroscopic structure, to the best of our knowledge only two studies have been published in a longitudinal interventional setting. Also here, despite daily practicing yoga (mindfulness based stress reduction including yoga postures and yogic meditation) over a period of 8–12 weeks, no increased GM volume was found (66, 67), (which is) in line with our data. In addition, interventional longitudinal imaging studies investigating physical activity in healthy subjects are limited as well. Erickson et al. found that in healthy elderly individuals hippocampal volumes increased after regular aerobic exercise at moderate-intensity for 1 year (68). Another interventional study in healthy elderly individuals before and after 6 months of aerobic training found increased volumes in the anterior cingulate cortex, supplementary motor association cortex, inferior frontal gyrus, and left superior temporal gyrus (69). Thus, only in studies conducted over a longer time span and higher cumulated activity levels compared to our study, significant effects were found.

Additionally, no changes in synaptic density were found using [11C]UCB-J PET imaging in the subcohort. Even a more liberal threshold up to 0.01 did not result in significant clusters. As the field of in vivo synaptic density imaging is still very young (12), no other studies investigating the effects of any behavioral/physical interventions on synaptic density in humans have been published so far. Therefore, it is difficult to speculate on the intensity of a behavioral intervention that would be needed for detection of a macroscopic difference combined to the test sensitivity (T-RT values about 5%) (70). In rodents, aerobic exercise (treadmill running), 5 days a week for 4 or 12 weeks resulted in increased hippocampal synaptic density (60.6–75.1% higher number of synapses per cubic micron of tissue in treadmill training vs. sedentary), using post-mortem immunofluorescent staining and electron microscopy (71, 72).

A few study limitations should be addressed. First, the group size in this academic interventional trial was relatively small and the duration and frequency of the intervention was limited, because the feasibility of the study for the subjects was considered. However, previous studies investigating effects of yoga on the brain used similar study designs in terms of study duration and frequency (4, 66, 67, 73–75). The study length and frequency were considered as an optimal balance between study feasibility, duration, cost, and potential drop-out rate. Secondly, as no significant differences in GM volume between both groups, nor between the baseline vs. the post- intervention condition, were found, we did not apply partial volume correction on the PET data. Thirdly, the participants were randomly assigned to either the yoga intervention or the indoor cycling intervention. As subjects may have showed preference toward one specific intervention, and preference of the participant may influence the outcome (76), a chance of underperforming in the control group may have occurred. However, based on the number of sessions followed and the detailed, consistent information in self-reporting logs of the participants in both groups, we expect no systematic bias from this aspect. Finally, the yoga group could attend classes of four different yoga styles, each having a different emphasis. Although the relative composition of the yoga classes (postures/breathing/meditation) remained stable, there is still debate about which component of yoga causes the most substantial behavioral or physical benefits (7). Thus, a different ratio between the components could be necessary to detect stronger neuronal effects. Furthermore, these types of comprehensive changes may require longer time before macroscopic effects become evident.

In conclusion, we found that a yoga intervention of 12 weeks increases interoceptive awareness. However, we were not yet able to observe metabolic, synaptic density or volumetric correlates of this behavioral finding after this short intervention. Therefore, in line with previous results, longer interventions and/or higher frequency of yoga practice may be needed to objectivate cerebral metabolic and/or structural brain effects. Furthermore, indoor 12 weeks of cycling did significantly increase regional glucose metabolism in brain regions important for motor functioning and cognition, but did not result into interoceptive or measurable cognitive improvements.
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Introduction: Fragile X syndrome (FXS) is a genetic disorder caused by a mutation of the fragile X mental retardation 1 gene (FMR1). FXS is associated with neurophysiological abnormalities, including cortical hyperexcitability. Alterations in electroencephalogram (EEG) resting-state power spectral density (PSD) are well-defined in FXS and were found to be linked to neurodevelopmental delays. Whether non-linear dynamics of the brain signal are also altered remains to be studied.

Methods: In this study, resting-state EEG power, including alpha peak frequency (APF) and theta/beta ratio (TBR), as well as signal complexity using multi-scale entropy (MSE) were compared between 26 FXS participants (ages 5–28 years), and 77 neurotypical (NT) controls with a similar age distribution. Subsequently a replication study was carried out, comparing our cohort to 19 FXS participants independently recorded at a different site.

Results: PSD results confirmed the increased gamma, decreased alpha power and APF in FXS participants compared to NT controls. No alterations in TBR were found. Importantly, results revealed reduced signal complexity in FXS participants, specifically in higher scales, suggesting that altered signal complexity is sensitive to brain alterations in this population. The replication study mostly confirmed these results and suggested critical points of stagnation in the neurodevelopmental curve of FXS.

Conclusion: Signal complexity is a powerful feature that can be added to the electrophysiological biomarkers of brain maturation in FXS.

Keywords: fragile X syndrome, hyperexcitability, EEG resting-state, signal complexity, multiscale entropy, alpha peak frequency, neurodevelopmental disorders, development


INTRODUCTION

Fragile X syndrome (FXS) is an X-linked genetic disorder caused by dynamic mutations of the fragile X mental retardation 1 gene (FMR1), consequently leading to alterations, or to complete absence of the fragile X mental retardation protein (FMRP), its encoded protein. The main role of FMRP is to repress the translation of specific mRNAs during protein synthesis (1). Its absence leads to excessive protein synthesis (2), which is associated with impaired synaptic plasticity (3). FMRP is essential to brain development, as well as synaptic maturation and plasticity. FXS is the most common monogenetic cause of inherited intellectual disability (ID) and single gene cause of autism spectrum disorder (ASD). It is also associated with physical, behavioral, cognitive and emotional impairments. The clinical features of patients with FXS vary significantly from one individual to another, especially between men and women, due to the unaffected second X chromosome present in women.

Hyperexcitability is a core feature across FXS animal models and has been suggested to be a potential origin of various psychiatric and neurological symptoms observed in patients affected by the condition (4). Both overactivation of metabotropic glutamate receptors (mGluRs) leading to increased neuronal excitability (5, 6), as well as a compromised GABAergic system resulting in reduced inhibition (7), have been discussed as potential contributors to excitation/inhibition imbalance in FXS. Hence, the neurophysiological abnormalities found in humans support these notions of excitation/inhibition imbalance, including enhanced electrocortical responses and reduced intracortical inhibition, as measured by transcranial magnetic stimulation (8, 9). In addition, reduced levels of cAMP in FXS further interfere with neuronal connectivity and inhibitory responses (10). Alterations in cortical excitability may be linked to abnormal sensory processing in FXS patients. Studies investigating visual and auditory processing in FXS through event-related potentials (ERPs) with electroencephalogram (EEG) have shown important alterations in both modalities, characterized by increased amplitudes of sensory ERP components and reduced habituation to sensory stimuli (11–17).

Recent resting-state EEG studies have shown increased resting-state power in animal models of FXS, notably in delta and gamma frequency bands (18, 19). Studies with FXS adults (20), male adults (21) and young boys (22) obtained similar results. Gamma frequency bands are associated with high-level cognitive functions in healthy controls while performing cognitively demanding tasks (20, 23). However, perturbations in gamma oscillations during resting-state recordings have been reported in psychiatric disorders, as well as in neurodevelopmental conditions (20, 23–26). In fact, altered gamma power is thought to be associated with the cognitive deficits present in these populations, notably impaired social communication skills in FXS (20).

Resting-state EEG also showed evidence of increased theta power and decreased alpha power in FXS adults when compared to controls (20, 27). Alpha frequencies are the most dominant oscillations in adult resting-state EEG (20). Reduced alpha could be a marker of general brain dysfunction in FXS (27–29). Several alterations in resting-state EEG spectral domains have been identified in FXS, which could be reflected in specific EEG biomarkers of brain maturation and hyperexcitability. In particular, alpha peak frequency, theta/beta ratio, and signal complexity, a non-linear measure of brain dynamics, have been shown to be sensitive to atypical brain maturation and to the presence of neurodevelopmental disorders. This study aims at revealing whether these EEG biomarkers are affected in FXS.

First, alpha peak frequency (APF), namely the frequency at which maximum power occurs within the alpha band, shifts from theta to alpha during brain maturation. Importantly, it was found to be altered in many neurodevelopmental disorders, including attention deficit hyperactivity disorder (ADHD), ASD, and FXS (21, 28, 30).

Second, the theta/beta power ratio (TBR) of elevated slow theta waves and decreased fast beta waves is the most commonly known EEG biomarker for ADHD (31, 32). TBR could be affected in FXS since evidence of increased theta power has been shown (20, 27). However, how TBR is affected in FXS considering previous reports of elevated high beta/low gamma power in FXS is unclear.

Finally, complexity of the EEG signal is considered a marker of brain maturation and cognitive functioning (33), as it is known to increase with age. Moreover, its increase was found to be sensitive to specific sensory brain region maturation patterns (34). Although inconsistent, several studies with ADHD and ASD patients showed a general reduction in complexity, when compared to controls (35–37), while another study showed that people with ADHD have reduced complexity in the alpha frequency band (38). Multiscale entropy (MSE) is an ideal technique to quantitatively measure complexity, as it investigates temporal complexity of the signal at multiple time scales. Considering the presence of ADHD and ASD symptoms in FXS patients, it is expected that their signal complexity will also be reduced.

The present study aims to investigate, in a large sample of FXS patients, whether specific EEG markers of brain maturation, namely, APF, TBR, and complexity of the signal are affected in the condition. Here, we hypothesized that TBR of FXS patients would be elevated, and that alpha peak frequency would be reduced, compared to controls. We also predicted that FXS patients would show a reduction of EEG complexity. To our knowledge, this study is the first to explore TBR and EEG complexity in the FXS population. Furthermore, a replication study was carried out with an independently recorded additional FXS sample to ensure that EEG biomarkers can be replicated across different cohorts and study sites.



MATERIALS AND METHODS


Participants

Thirty nine participants with a genetic diagnosis of FXS were recruited for the study. The diagnosis was based on molecular genetic examinations (39), and FXS was diagnosed when 200 or more repetitions of CGG were present. Twenty-six participants were able to complete at least a partial resting-state recording. Analysis was conducted with a final sample of 26 FXS participants. Seventy-eight neurotypical controls (NT) with a similar age distribution were recruited for the study. All neurotypical controls completed the EEG resting-state recording, but one had to be excluded due to insufficient artifact-free data. Analysis was conducted with 77 neurotypical controls. Table 1 provides demographic information on the final study population that was included for analysis. Table 2 describes the FXS population in more detail.


Table 1. Demographics of the study population.
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Table 2. Comorbid diagnoses and medication in the FXS population.
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FXS participants were recruited via the genetic clinics at the CHU Sainte-Justine Mother and Child University Hospital Center and at the University of Alberta, via parent associations and social media. NT controls were recruited via the NED lab's database of volunteers, posters and flyers in universities, colleges, and community centers, social media, and ads on classified websites. Exclusion criteria for the neurotypical group were histories of health-related problems potentially affecting development (e.g., complications during pregnancy and birth, brain trauma, epilepsy, neurodevelopmental disorders, psychopathology, etc.). The study protocol was reviewed and approved by the ethics committees at CHU Sainte-Justine and the University of Alberta and was carried out according to the declaration of Helsinki. Procedures were explained in detail prior to obtaining written informed consent from participants or legal caregivers and assent from participants.



Behavioral Measures

A short cognitive assessment was carried out using Leiter-R (40) or Leiter-3 (41) brief IQ for FXS and most of the NT participants. Few NT participants underwent WPPSI-IV (42) or WISC-V (43) (depending on age) evaluation instead of the Leiter. For these participants, the fluid reasoning scale was selected to ensure comparability with the non-verbal Leiter batteries. PIQ results are summarized in Table 1. The revised version of the Aberrant Behavior Checklist for Community [ABC-C; (44)], specifically developed for the FXS population, was used. In this version, social avoidance, which is highly associated with ASD and FXS, was added as a sixth subscale. The ABC-C was completed by the caregiver to assess autistic traits in the clinical populations.



Procedure

Pictograms and videos were used to prepare clinical and young NT participants for the EEG procedure. EEG net installation was adapted through storytelling and games to increase acceptance of the procedure. A movie was shown during net installation to increase collaboration in participants. For the resting-state recording, participants were told to relax as much as possible while moving as little as possible (“statues game”) keeping their eyes open and directed toward the screen where a fixation cross was displayed. If necessary, to increase acceptance and reduce movement artifacts, participants could watch a movie on the screen or favorite content on their tablet. As much as possible, resting EEG was recorded until a minimum of 2 min total of movement-free signals were obtained.

The EEG recording was carried out in soundproof experimental chambers in the CHU Sainte-Justine hospital and at the University of Alberta, using 128-electrode dense array EEG systems (Magstim EGI, Eugene, OR, USA). Signals were acquired and processed by G4 MacIntosh computers using NetStation Software (Version 4.5.4 at CHU Sainte-Justine and Version 2.0 at University of Alberta). EEG data were digitized and processed at a sampling rate of 1,000 Hz using the vertex electrode (Cz) as an online reference and an online bandpass filter of 0.1–500 Hz (Nyquist frequency) was applied. Impedances were verified prior to recording and kept below 40 kΩ (45).



Replication Study

An additional 20 EEG resting-state datasets recorded in FXS participants were provided by the University of California Davis MIND Institute with the goal of verifying if our results can be replicated in a different cohort of FXS participants. The study was approved by the Institutional Review Board at University of California, Davis. All participants and parents/caretakers of participants gave their written consent to participate in the study. Two min of open eyes resting-state were recorded analogous to the procedure in the Montreal/Edmonton cohort. In compliant participants, alternating blocks of eyes open and eyes closed resting-state were performed. For the purpose of the current paper, only open eyes resting-state was analyzed. One participant had to be excluded since not enough clean epochs were available. Thus, 19 datasets were submitted for analysis. EEG data were acquired using a Brain Products (Brain Products, Germany) Quickamp system with an Acticap 32-channel Ag+/Ag+Cl-active electrode array according to the 10–20 international channel location system and using Brain Recorder software. EEG was digitized and processed at a sampling rate of 1,000 Hz using FCz as an online reference and an online bandpass filter of 0.1–500 Hz. Impedances were maintained below 10kΩ.



EEG Signal Processing
 
Pre-processing

Offline analyses were carried out using MATLAB (version R2018b) and EEGLAB toolbox (v.14.1.2) (46, 47). Data were filtered with a 0.5 Hz high-pass filter, a 150 Hz low-pass filter, and a 60 Hz notch filter. For all participants recorded with the EGI 128-channel system, 28 electrodes around the face and neck were removed due to poorer signal quality in these areas. The remaining noisy electrodes were removed using a semi-automatic procedure: electrodes with a total standard deviation of >200 μV and <2 μV were automatically removed; electrodes with sporadic behavior were removed manually during subsequent visual inspection. Then, data were re-referenced to the average reference and blinks, saccades and cardiac activity were removed using independent component analysis (ICA). Continuous data was segmented into 2 s epochs using a 2-s sliding window in 1 s steps (50% overlap). This allowed us to increase the availability of clean data segments and it is also necessary for window corrections pre-PSD analyses. Artifact rejection was performed semi-automatically: epochs containing amplitudes >200 μV and < -200 μV were tagged and artifacted segments were manually removed during subsequent visual inspection, accounting for all remaining artifacts (movement etc.). Data analysis and quality metrics are presented in Supplementary Table 1. For data reduction purposes, eight regions of interest (ROI) were defined covering the following areas as closely matched as possible between EGI 128-channel and Brain Products 32-channels ActiCap locations (EGI and Brain Products): fronto-central (FCz, 5/3 electrodes for EGI/Brain Products system respectively), central (Cz, 5/3 electrodes), centro-occipital (Oz, 7/3 electrodes), /parieto-zentral (Pz, 6/4 electrodes), frontal-left (FL, 6/2 electrodes), frontal right (FR, 6/2 electrodes), temporal left (TL, 6/2 electrodes), temporal right (TR, 6/2 electrodes). Due to electrode removal during pre-processing, some participants missed some of the ROI. These were treated as missing data in subsequent analyses.



Power Spectral Density

Power spectral density (PSD) describes the signal distribution in terms of power per frequency using Fast Fourier Transformation (FFT). In order to reduce windowing effects, a hamming window was applied on the previously overlapped epochs before computing the FFT transform. The current method allowed us to analyze frequencies between 1 Hz and 100 Hz with a resolution of 0.5 Hz.



Multi-Scale Entropy

MSE was used to measure signal complexity in participants' EEG while at rest. MSE calculations were based on the algorithm proposed by (48) which generates multiple timescales through downsampling of the original EEG signal in a so-called coarse-graining procedure. The original timescale is divided into non-overlapping windows that are then averaged together. The time series shortens as window length increases. In the current study, the coarse-graining procedure was performed on all “clean” 2,000 ms epochs of resting-state data for every participant and ROI. SampEn estimates signal variability for every time series through the predictability of amplitude patterns within the time series (49). Pattern length was set to m = 2, meaning that the algorithm counts the number of matching sequences for two consecutive points in the signal. Tolerability was set to r = 0.5 indicating that amplitude points falling ≤ 50% of the time-series standard deviation equal were considered by the algorithm. Subsequently, the number of m + 1 sequences of data point matches is counted and SampEn is defined as the natural logarithm of the ratio of total m to m + 1 data point matches. Finally, MSE values for all epochs were averaged for each participant and ROI to obtain a final MSE score for every time scale from 1 to 40.




Statistical Analysis

Statistical analyses were performed using SPSS Statistics, version 23 (IBM Corp., Armonk, NY, USA). Data distribution was verified using histograms as well as skewness/kurtosis criteria (values within−1 and 1 were considered acceptable) and z-scores. The significance level for statistical tests was set to 5% (p = 0.05) and Greenhouse-Geisser correction was applied to all mixed design ANOVAs. Significant interactions were investigated using follow-up ANOVAs and post hoc comparisons using Bonferroni correction. For PSD analysis, explorative t-tests between groups (FXS vs. controls) were performed for each frequency in 0.5Hz increments from 1 to 50 and 70 to 100Hz (50–70Hz were not included in the analysis due to the applied Notch filter) across all ROI in order to define frequency bands of interest. Subsequently, frequency bands of interest were averaged for each participant and ROI and compared between groups using a mixed-design ANOVA with age as covariable when appropriate. Alpha peak frequencies (APF) were defined as the frequency with maximum amplitude between 4.5 and 14 Hz for each participant and ROI. Mixed design ANOVA was carried out to compare APF between groups with age as covariable when appropriate. Theta-beta ratio (TBR) was calculated as the average of frequencies 4–8 Hz divided by the average of frequencies 14–30 Hz for each participant and ROI. TBR was compared between groups using mixed-design ANOVA with age as covariable when appropriate. For MSE, the complexity index was calculated as area-under-the-curve for scales 1–40 in order to obtain a general indication of signal complexity. Mixed design ANOVA was used to carry out group comparisons across ROIs for CI with age as covariable when appropriate. In a follow-up analysis, scales 1–20 and 21–40 were averaged in order to obtain a more fine-grained picture of differences in signal complexity between groups that were assessed in a subsequent mixed design ANOVA. Additionally, sex differences within the FXS group in APF, TBR, CI and averaged scales were assessed using mixed design ANOVA with age as covariable when appropriate. In order to assess the relationship between EEG measures and clinical outcomes, IQ and ABC-C composite score and subscales were correlated with APF, TBR, CI and averaged scales. Significance levels for correlations were corrected for multiple testing using Bonferroni's adjustment. Given that EEG measures correlated between ROI, Bonferroni's adjustment was corrected for correlated outcome variables (50). For the replication part of the study, all PSD and MSE measures were first compared between FXS cohorts using mixed design ANOVA. In subsequent exploratory analyses, the FXS replication cohort was compared to the control group to verify if results obtained in the original group comparison could be replicated. The same procedure of analyses will be followed as in the original FXS vs. controls comparison, but results will be reported with a focus on group effects to facilitate readability. Correlations between age and PSD/MSE measures were repeated in the UC Davis cohort.




RESULTS

We first analysed PSD in order to verify if we can replicate the results previously reported in the literature. We then analysed MSE in our cohort of FXS and control participants. Finally, we carried out a replication study with an independent sample of FXS participants to verify if our results can be replicated across cohorts and sites using different EEG systems.


PSD

Figure 1 shows group mean power spectra for FXS vs. controls in Cz. Explorative t-tests between groups (FXS vs. controls) across all ROIs revealed the following frequency bands of interest: 1–2.5 (delta) in Cz, FL, FR, FCz, TR, TL; 9.5–11 (alpha) and 25–49.5 (low gamma) in all ROI. A mixed design ANOVA controlled by age as some of the frequency bands correlated with age (p < 0.02), revealed significant main effects for ROI [F(4.4,392.9) = 43.65, p < 0.0001, η2 = 0.33] frequency bands [F(1.5,135.7) = 466.14, p < 0.0001, η2 = 0.84] and age [F(1,89) = 6044, p < 0.0001, η2 = 0.4] and significant interactions for ROI and age [F(4.4,392.9) = 5.88, p < 0.0001, η2 = 0.06], ROI and group [F(4.4,392.9) = 3.66, p = 0.005, η2 = 0.04], frequency band and age [F(1.5,135.6) = 87.7, p < 0.0001, η2 = 0.5], frequency band and group [F(1.5,135.6) = 12.57, p < 0.0001, η2 = 0.12], ROI and frequency band [F(5.6,501.4) = 41.19, p < 0.0001, η2 = 0.32], ROI and frequency band and age [F(5.6,501.4) = 12.61, p < 0.0001, η2 = 0.12], ROI and frequency band and group [F(5.6,501.4) = 4.6, p < 0.0001, η2 = 0.049]. In order to disentangle these interactions, follow-up ANOVAs per frequency band were carried out.


[image: Figure 1]
FIGURE 1. Group average power spectra for FXS vs. controls in Cz region of interest. Dotted lines indicate SD for each group.



Delta (1-2.5)

In delta, significant main effects for group [F(1,97) = 8.14, p = 0.005, η2 = 0.07], ROI [F(4.5,433.5) = 53.55, p < 0.0001, η2 = 0.35] and age [F(1,97) = 100.78, p < 0.0001, η2 = 0.5] were observed as well as significant interactions between ROI and age [F(4.7,433.5) = 11.82, p < 0.0001, η2 = 0.11] and ROI and group [F(4.5,433.5) = 4.77, p = 0.001, η2 = 0.047]. Post-hoc comparisons using Bonferroni-correction revealed higher delta power in FXS (p = 0.005) and significant differences in delta power between almost all ROI. Figure 2 shows a topographic representation of delta power in FXS (A) and controls (B).


[image: Figure 2]
FIGURE 2. Topographic representation of average power spectral density in the FXS (A) and control (B) group for the delta band (1–2.5 Hz).




Alpha (9.5-11)

In alpha, a significant main effect for group [F(1,95) = 10.67, p = 0.002, η2 = 0.1] and ROI [F(3.4,320.4) = 37.2, p < 0.0001, η2 = 0.28] was found as well as a significant interaction between ROI and group [F(3.4,320.4) = 3.36, p = 0.015, η2 = 0.03]. Post-hoc comparisons using Bonferroni-correction revealed lower alpha power in FXS (p = 0.002) and significant differences in alpha power mostly between Cz, Oz and all other ROIs. A topographic representation of alpha power in FXS and controls is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Topographic representation of average power spectral density in the FXS (A) and control (B) group for the alpha band (9.5–11 Hz).




Low Gamma (25-49.5)

Significant main effects for group [F(1,95) = 27.8, p < 0.0001, η2 = 0.23], ROI [F(3.4,320.5) = 41.79, p < 0.0001, η2= 0.31] and age [F(1,95) = 12.8, p < 0.0001, η2 = 0.12) were observed as well as significant interactions between ROI and age [F(3.4,320.5) = 3.92, p = 0.007, η2 = 0.04] and ROI and group [F(3.4,320.5) = 3.37, p = 0.015, η2 = 0.03]. Post-hoc comparisons using Bonferroni-correction revealed higher gamma power in FXS (p < 0.0001) and significant differences in gamma power between almost all ROI (p < 0.018). Gamma power in FXS and controls is illustrated in Figure 4.


[image: Figure 4]
FIGURE 4. Topographic representation of average power spectral density in the FXS (A) and control (B) group for the low gamma band (25–49.5 Hz).




Alpha Peak Frequency

Bonferroni's adjustment for eight correlations (one per ROI), corrected for the mean correlation between outcome variables (r = 0.64, p < 0.0001), determined a significance level of p < 0.024 for a correlation to be considered as significant. APF correlated positively with age in all ROI (p < 0.03), except Oz (r = 0.22, p = 0.024) and TR (r = 0.33, p = 0.03), confirming that APF increases with age. However, when correlations were carried out separately for FXS and controls, APF was still highly correlated with APF in controls across all ROI (p < 0.009); in FXS however, APF was only correlated with age in Cz (r = 0.54, p = 0.005) and FCz (r = 0.44, p = 0.023). To ensure that this effect is not simply due to the smaller sample size in the FXS group, this correlation will be repeated with the replication cohort. Figure 5 shows an exemplary scatterplot for APF and age in Cz and Pz for FXS and controls. A mixed design ANOVA [ROI (8) X group (2)] controlled for age revealed a significant main effect for group [F(1,97) = 25.83, p < 0.0001, η2 = 0.2] and age [F(1,97) = 27.6, p < 0.001, η2 = 0.22], indicating lower APF in FXS when compared to controls (p < 0.0001). No significant interactions were found.


[image: Figure 5]
FIGURE 5. Scatterplot for age and APF for FXS (red) and controls (blue) in region of interest Cz (A) and Pz (B).




Theta-Beta Ratio

For correlations, a significance level of p < 0.036 was determined using Bonferroni-correction adjusted for mean correlation between outcome variables (r = 0.85, p < 0.0001). TBR correlated negatively with age across all ROI in the whole sample (p < 0.0001) and within both groups (FXS; p < 0.01, controls: p < 0.0001). A mixed design ANOVA controlled by age revealed main effects for ROI [F(4.9,439.2) = 41.89, p < 0.0001, η2 = 0.32] and age [F(1,89) = 53.65, p < 0.0001, η2 = 0.38], and a significant interaction between age and ROI [F(4.9,439.2) = 10.31, p < 0.0001, η2 = 0.1] but no group effects or interactions.




MSE
 
Complexity Index

Significance level for correlations was corrected to p < 0.031 [Bonferroni-correction adjusted for mean correlation between outcome variables (r = 0.77, p < 0.0001)]. CI correlated highly with age across all ROI in the whole sample (p < 0.006). The same was found within the control group; strong positive correlations between CI and age across all ROI (p < 0.0001). In the FXS group however, the correlation between age and CI was less prominent and only found in central (p < 0.023) but not in lateral ROIs (p > 0.4). This correlation will be repeated in the replication study in order to verify the robustness of the result. A mixed design ANOVA controlled for age revealed main effects for ROI [F(4.1,341.1) = 16.1, p < 0.0001, η2 = 0.16], age [F(1,84) = 35.1, p < 0.0001, η2 = 0.3] and group [F(1,84) = 6.45, p = 0.013, η2 = 0.07], as well as interactions between ROI and age [F(4.1,341.1) = 8.17, p < 0.0001, η2 = 0.09] and ROI and group [F(4,341.1) = 2.64, p = 0.033, η2 = 0.03]. Bonferroni-corrected post hoc comparisons revealed lower CI in FXS as compared to controls and differences between most ROI. Figure 6 shows a topographic representation of CI in FXS (A) and controls (B).


[image: Figure 6]
FIGURE 6. Topographic representation of complexity index (area under the curve) for MSE scales 1–40 for FXS (A) and controls (B).




Averaged Time Scales S1–20, S21–40

Figure 7 illustrates MSE across time scales for FXS and control participants in Cz (A) and TL (B). Alpha level was corrected to p < 0.016 adjusted for mean correlation of output variables (r = 0.60, p < 0.0001). S1–20 correlated positively with age in all ROIs (p < 0.0001). In controls, age correlated with S1–20 in all ROI (p < 0.014) and with S21–40 in all ROI except TL (p = 0.014). In FXS, only S1–20 correlated with age for midline ROI (Cz: r = 0.752, p < 0.0001, FCz: r = 0.67, p < 0.0001, Oz: 0.77, p < 0.0001, Pz: 0.69, p < 0.0001), whereas S21–40 did not correlate with age in FXS. A mixed design ANOVA controlled for age revealed main effects for group [F(1,84) = 6.53, p = 0.012, η2 = 0.072], age [F(1,84) = 34.61, p = 0.0001, η2 = 0.29], averaged scales [F(1,84) = 335.78, p < 0.0001, η2 =0.8] and ROI [F(4.1,340.7) = 15.96, p < 0.0001, η2 = 0.16], as well as interactions for ROI and age [F(4.1,340.7) = 8.07, p < 0.0001, η2 = 0.09], ROI and group [F(4.1,340.7) = 2.63, p = 0.034, η2 = 0.03], scales and age [F(1,84) = 6.83, p = 0.011, η2 = 0.075], scales and group [F(1,84) = 11.64, p = 0.001, η2 = 0.12], as well as ROI and scales [F(4.7,393.5) = 12.66, p < 0.0001, η2 = 0.13]. A follow-up mixed design ANOVA per averaged scale revealed a main effect for ROI [F(4.5,376.2) = 17.72, p < 0.0001, η2 = 0.17] and age [F(1,84) = 60.48, p < 0.0001, η2 = 0.42] but no main effects or interactions for group in the S1–20 scales. Conversely, a mixed design ANOVA for S21–40 revealed a main group effect [F(1,84) = 11.84, p = 0.001, η2 = 0.12] and a ROI and group interaction [F(4.1,341.9) = 2.64, p = 0.033, η2 = 0.03], as well as main effects for ROI [F(4.1,341.9) = 13.39, p < 0.0001, η2 = 0.14], age [F(1,84) = 10, p = 0.002, η2 = 0.12] and an ROI and age interaction [F(4.1,341.9) = 7.58, p < 0.0001, η2 = 0.08]. MSE was found to be lower in FXS compared to controls in higher time scales (S21–40), but not in lower time scales (S1–20). Figure 8 shows a topographic representation of S1–20 and S21–40 in FXS (A, C) and controls (B, D).
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FIGURE 7. Average MSE time scales for FXS (red) and controls (blue) in regions of interest Cz (A) and TL (B). Dotted lines indicate SD for each group.
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FIGURE 8. Topographic representation of averaged time scales: lower time scales (1–20) for FXS (A) and controls (B) and higher time scales for FXS (C) and controls (D).





EEG Measures and Clinical Outcomes
 
IQ

Using the Bonferroni-adjusted and for correlation between outcome variables adjusted alpha level of p < 0.024, APF correlated positively with IQ in the whole sample in Oz (r = 0.23, p = 0.022) and TL (r = 0.24, p = 0.016). Within groups, APF did not correlate with IQ in controls, but correlated negatively with IQ in FXS in Cz (r = −0.49, p = 0.01), FCz (r = −0.45, p = 0.023), TR (r = −0.51, p = 0.012) and TL (r = −0.47, p = 0.017). No correlations between TBR and IQ were found in the whole sample or within groups. CI, S1–20 and S20–40 were not found to be correlated with IQ for the whole sample or within groups.



ABC-C

Since the ABC-C is not an appropriate measurement tool for control populations, correlations were only carried out in the FXS group. APF at FL correlated positively with the inappropriate language subscale (r = 0.463, p = 0.017, note that alpha level for APF was corrected to p < 0.024), suggesting that FXS participants with a higher APF presented more inappropriate speech according to the ABC-C questionnaire. Further, APF in TR was found to be negatively correlated with the lethargy scale (r = −0.48, p = 0.015), suggesting less lethargy symptoms in FXS individuals with a higher APF. Expectedly, TBR correlated with the hyperactivity subscale in all frontal ROI (FL: r = 0.55443, p = 0.0063; FR: r = 0.51, p = 0.01; FCz: r = 0.581, p = 0.003; note that alpha level for TBR was corrected to p < 0.036), indicating that FXS participants with higher TBR presented more hyperactivity symptoms. CI correlated negatively with the ABC-C composite score at Pz (r = −0.56, p = 0.007, note that alpha level for CI was corrected to p < 0.031) and Cz (r = −0.59, p = 0.002); with the irritability subscale at Pz (r = −0.55, p = 0.008), TL (r = −0.5, p = 0.012) and Cz (r = −0.66, p < 0.0001); with the lethargy subscale at Pz (r = −0.51, p = 0.016); and with the hyperactivity subscale at Pz (r = −0.57, p = 0.006) and Cz (r = −0.61, p = 0.001). Similarly, S1–20 correlated negatively with the ABC composite score at Cz (r = −0.49, p = 0.011, note that alpha level for S1–20 and S21–40 was corrected to p < 0.016), FCz (r = −0.53, p = 0.007); with the irritability subscale at Cz (r = −0.57, p = 0.002) and FCz (r = −0.54, p = 0.007); with the hyperactivity scale at Cz (r = −0.62, p = 0.001), FCz (r = −0.63, p = 0.001) and Pz (r = −0.57, p = 0.006). Finally, S21-40 correlated negatively with the ABC-C composite score at Cz (r = −0.57, p = 0.002), FCz (r = −0.54, p = 0.006) and Pz (r = −0.55, p = 0.009); with the irritability scale at Cz (r = −0.63, p = 0.001); with the lethargy scale at FCz (r = −0.5, p = 0.01) and Pz (r = −0.57, p = 0.006); with the hyperactivity scale at Cz (r = −0.5, p = 0.01); and with the social avoidance scale at FCz (r = −0.6, p = 0.001). These correlations indicate that higher EEG signal complexity across measures predicts lower scores on the ABC-C questionnaire, specifically lower reported symptoms of irritability, lethargy, hyperactivity and social avoidance.



Sex Effects in the FXS Sample

Male and female FXS participants did not differ in IQ, but male participants scored significantly higher in the ABC-C composite score and some of the subscales (see Table 2 for test statistics). No sex difference was found in APF [F(1,22) = 2.1, p = 0.16, η2 = 0.09] or TBR [F(1,18) = 1.8, p = 0.2, η2 = 0.09] across ROI. CI did not differ between male and female participants across ROIs [F(1,18) = 1.89, p = 0.19, η2 = 0.09]. A mixed design ANOVA revealed a weak interaction between sex, ROI and scales [F(3.7,66.3) = 2.59, p = 0.049, η2 = 0.13]. Post hoc comparisons revealed that MSE was higher for males in both averaged scales in TR only [F(1,20) = 6.5, p = 0.02, η2 = 0.24].




Replication Study
 
Cohort Description

Table 3 contains descriptive data of the UC Davis cohort. Age did not differ between cohorts [t(42.5) = 1.1, p = 0.27] but age distribution is different with the Montreal / Edmonton cohort having a peak in younger participants. Supplementary Figure 1 shows age distribution for both cohorts. Sex differed significantly between cohorts (χ2 = 11, p = 0.001) since the UC Davis cohort only included one female participant. Performance IQ differed between cohorts [t(42.5) = −2.93, p = 0.005], with lower IQ in the UC Davis compared to the Montreal / Edmonton cohorts. For the ABC-C measures, FXS participants differed on the inappropriate speech subscale [t(41) = 3.29, p = 0.002], but no group differences were found for the ABC-C composite score or any remaining subscales (p > 0.51).


Table 3. Demographics of the “replication study cohort.”
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PSD

APF did not correlate with age for any ROI in the UC Davis cohort (p > 0.08), whereas it was found to correlate positively with age in the Montreal/Edmonton cohort. TBR did not correlate with age after alpha level was Bonferroni-corrected and adjusted for the mean correlation of outcome variables (r = 0.82, p < 0.0001) to p < 0.034, whereas it had been found to correlate negatively with age in the Montreal/Edmonton cohort. Mixed design ANOVAs did not reveal any significant differences between cohorts in APF [F(1,36) = 2.75, p = 0.11, η2 = 0.07] or TBR [F(1,32) = 0.53, p = 0.5, η2 = 0.02] nor significant ROI and cohort interactions {APF: [F(4.7,169.34) = 0.72, p = 0.6, η2 = 0.02], TBR: [F(4.1,131.8) = 1.52, p = 0.24, η2 = 0.05]} but a main effect for ROI {APF: [F(4.7,169.3) = 3.29, p = 0.009, η2 = 0.08], TBR: [F(4.1,131.8) = 20.53, p < 0.0001, η2 = 0.4]}. When compared to the control group, APF and TBR effects could be replicated in the replication cohort with significantly lower APF in FXS F(1,85) = 7.3, p = 0.008, η2 = 0.08) and no group effects or interactions for TBR F(1,81) = 2.98, p = 0.088, η2 = 0.04). A mixed design ANOVA revealed no FXS cohort effect for delta, alpha and low gamma [F(1,33) = 2.43, p = 0.13, η2 = 0.07], but a significant ROI, cohort and frequency band interaction [F(4.1,135.8) = 5.45, p = 0.0001, η2 = 0.14], as well as main effects for ROI [F(4.6,150.3) = 49.5, p < 0.001, η2 = 0.6], frequency bands [F(1.2,38.5) = 251.37, p < 0.0001, η2 = 0.87] and a ROI and frequency band interaction [F(4.1,135.8) = 25.38, p < 0.0001, η2 = 0.44]. Follow up ANOVAs by ROI revealed a cohort main effect [F(1,38) = 7.94, p = 0.008, η2 = 0.17] in Oz only. A significant interaction between frequency bands and groups [FXS replication cohort vs. controls: F(1.7,132.5) = 21.55, p < 0.0001, η2 = 0.84] in a mixed design age-controlled ANOVA covering delta, alpha and low gamma frequency bands led to follow-up analysis by frequency band. Compared to controls, the replication FXS cohort presented higher delta [F(1,86) = 27, p < 0.0001, η2 = 0.24] and gamma power F(1,85) = 95.8, p < 0.0001, η2= 0.53), whereas no group effects were found in alpha power [F(1,82) = 0.007, p = 0.93, η2 < 0.0001].



MSE

CI, S1–20 and S21–40 did not correlate with age in any ROI for the UC Davis cohort (p > 1.82), whereas a slight correlation between CI and S1–20 and age was found in central ROI in the Montreal/Edmonton cohort. A mixed design ANOVA revealed no cohort main effect for CI [F(1,31) = 0.015, p = 0.9, η2 = 0.0004], or averaged MSE scales [F(1,31) = 0.017, p = 0.9, η2 = 0.001] nor any cohort and ROI interactions {CI: [F(2.5,76.4) =2.47, p = 0.08, η2 = 0.074], averaged scales: [F(2.5,76.4) = 2.47, p = 0.08, η2 = 0.074]} or averaged scales and cohort interaction [F(1,31) = 0.79, p = 0.38, η2 = 0.025]. A ROI main effect was found for both CI [F(2.5,76.4) = 4.66, p = 0.008, η2 = 0.13] and averaged scales [F(2.3,76.4) = 4.6, p < 0.0001, η2 = 0.13]. When compared to controls, the FXS replication cohort presented a lower CI [F(1,77) = 5.8, p < 0.018, η2 = 0.07] as well as lower complexity in S21–40 [F(1,77) = 10.86, p = 0.001, η2 = 0.12], whereas no group differences were found in S1–20 [F(1,77) = 0.08, p < 0.78, η2 = 0.001].



Clinical Outcome Measures

IQ did not correlate with APF in the replication cohort, whereas negative correlations between IQ and APF in several ROI occurred in our original FXS sample. Further, no correlations were found between IQ and TBR, CI, S1–20 or S21–40 in our replication cohort, thus replicating the results of our original FXS sample. Analyses with the ABC-C scores were not performed in the replication cohort since missing data did not allow for a sufficient N to carry out correlations.





DISCUSSION

Several EEG markers were previously found relevant to brain maturation and hyperexcitability in the FXS population. The results of the present study replicated these findings. APF and alpha power were found to be decreased, and gamma power was increased in the FXS groups, compared to controls. Furthermore, this study was the first to show reduced signal complexity in higher time scales, as well as increased delta power in FXS participants. The main results of our study are summarized in Table 4.


Table 4. Main results of the FXS cohorts.
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MSE

EEG signal complexity was found to be significantly reduced in FXS participants, in both cohorts, compared to healthy controls. A decrease in signal complexity is concordant with alterations in brain maturation and developmental delay characterizing individuals with FXS. Diminished EEG signal complexity in FXS participants was found in all regions of interest investigated, suggesting it is a global phenomenon across resting-state signal generators.

Several studies found a general increase in brain signal complexity with age in neurotypical populations. Indeed, studies have found neurodevelopmental effects on signal complexity from infancy through adolescence (34, 51, 52). This developmental increase was clearly observed in our control group across all regions of interest. In FXS it is however a lot less evident, as CI only correlates with age in central and fronto-central regions and no age-related increase was found in the remaining regions of interest. This discrepancy could be explained by the smaller sample size of the FXS cohort. Moreover, in our FXS replication cohort, where the peak of the age distribution is found toward the end of the teenage years rather than in childhood, and that contains lower functioning individuals, the complexity index does not at all correlate with age. These results support the growing discrepancy with age found in FXS compared to neurotypical children, as a certain stagnation in CI development seems to take place during the teenage years. Our cohorts, ranging from 5 to 28 years old, allowed us to show this discrepancy. Our results suggest that early school years are when trajectories of signal complexity maturation differ across brain regions in FXS. However, whether EEG signal complexity differences are present before 5 years of age remains to be studied.

Some studies identified signal complexity as a relevant EEG marker of neurodevelopmental disorders. These studies also found a general reduction in EEG signal complexity in ADHD, ASD, and Tourette Syndrome (35–37, 53), as well as reduced complexity in the alpha frequency band (38). MSE could potentially be a useful biomarker in establishing the neurodevelopmental and neurobehavioral trajectories of patients with FXS. Augmented complexity was found to be correlated with lower ABC-C composite scores, as well as fewer symptoms on the irritability, lethargy, hyperactivity, and social avoidance subscales. A recent study investigating behavioral characteristics found in different clinical populations reported that patients with FXS scored higher on the irritability, lethargy and hyperactivity subscales than NT controls (54). These results are consistent with our observations and suggest that signal complexity might be reflecting the behavioral impairments associated with FXS. Since we have not excluded any comorbidities in our FXS population, those comorbidities could also have an impact on the reduced complexity found.

Reduced signal complexity in FXS was expected as several previous studies found unitary/simplified brain processes in this population. Topographically, Knoth et al. (14) found that a lower number of spatial principal components could explain FXS brain signals. Moreover, Côté et al. (11, 13), found low variability between trials of sensory responses, together with high amplitudes, suggesting a potential for synchronization of brain signals (55). Increased phase synchronization to sensory stimuli was indeed found in low-frequency bands (<20 Hz) in FXS (56). Notably, the significant reduction in MSE values of FXS is found in the higher/coarser scales, potentially capturing lower frequency oscillations, while the finer-grained scales, where the increase in low gamma power observed in our FXS cohort could have introduced variability or noise, were not found significantly different.



PSD et TBR

The FXS group showed higher delta power, lower alpha power, and increased low gamma power. Results of the replication study cohort also showed higher delta power and increased low gamma power. These results were expected as they confirm previous studies, supporting a robust signature of FXS resting-state EEG (20–22, 27). Whereas, TBR was found to stabilize toward less discrepancies between theta and beta power with age, it did not differ between FXS and controls. In fact, 5–10 Hz frequency power is seemingly reduced, whereas high beta and low gamma powers are increased. Hence, although not significant, the TBR is potentially flattened by the modifications in spectral power found in FXS. Several medications, including the psychostimulant types, are known to modify beta power (57). Whether the absence of results is due to medication taken by the FXS participants remains to be studied. Despite the fact that TBR is considered an electrophysiological biomarker in the ADHD population, what TBR reflects is still a matter of debate (32, 58). Here, we found a positive relationship between TBR in the left frontal area of interest and the hyperactivity subscale of the ABC-C. Those results are consistent with the literature reporting an association between hyperactivity and higher TBR in ADHD children (59). A recent study found that resting-state TBR is not altered in ADHD but is positively correlated with the inattentive symptoms of the disorder (60). Since the ADHD-inattentive sub-type is prevalent in the FXS population (61), hypotheses of interaction between TBR and inattention will be worth exploring in future research.

Alpha peak frequency is a long-standing EEG marker of brain maturation (62). During development, APF migrates from the theta frequency range to the alpha frequency range. APF was indeed associated with age in our neurotypical control group. In the FXS group, correlations were found only in central but not lateral regions of interest—comparable to our results found for the relationship between CI and age in FXS. Again, no correlation between age and APF was found in our replication cohort that is characterized by a later peak in age distribution and lower functioning individuals. Considering that at an early age theta is particularly robust in central regions, these results are consistent with the growing discrepancies in brain function with age in FXS, and support the evidence showing a failure to shift the APF with age in children with ASD (63). Importantly, APF was significantly lower in both FXS cohorts, ranging in the theta frequency range, rather than the alpha frequency range. Although APF has not been widely investigated in FXS, reduced alpha power has been reported by several authors, in humans (20, 27, 64) and in rats (65). Our results are also consistent with studies of neurodevelopmental disorders showing reduced alpha power in children with ASD (30, 63) and ADHD (28), and decreased APF in children with ASD (62). Increased APF was also associated with higher scores on the inappropriate speech subscale. An association between APF and language acquisition has been reported in the literature (66), suggesting that FXS participants who scored higher on the inappropriate speech subscale might have better language abilities in general, though their speech may be unsuitable for certain situations. Notably, alpha power and APF were not found altered in female FXS patients in previous studies (21, 64). However, we did not find any sex differences in APF in our FXS sample. This discrepancy is potentially due to the fact that our FXS population is more diversified in terms of cognitive functioning, in both the male and female FXS participants.



Mechanisms Behind the Scenes

Hence, several EEG markers are seemingly characteristic of the FXS brain. They may be mechanistically divided into two categories of indices: delay of maturation, and hyperexcitability. Increase in delta power, reduced alpha peak frequency, and diminished EEG signal complexity are EEG markers that have been associated repeatedly with brain maturation (34, 62, 67–69). FXS individuals carrying the full mutation show a flattened curve of cognitive neurodevelopment with a plateau around 6 years of age. Decades of research on the function of FMRP identified several mechanisms underlying FXS. Through the FMRP role in translational control, long-term synaptic and spine morphological plasticity, FXS is genuinely a neurodevelopmental disorder. FMRP is developmentally regulated, at least in mice, and implicated in the experience-dependent plasticity mechanisms of neurodevelopment, of which its dysregulation seemingly leads to permanent changes. Whether FMRP expression levels at specific moments during development are revealed by EEG markers most associated with brain maturation remains to be tested. Certainly, an increase in slow frequency band density, decrease in alpha power and alterations in signal complexity have been associated with several neurodevelopmental disorders affecting cognitive and behavioral neurodevelopment. In children with ASD, signal complexity was sensitive to the severity level of the symptoms (70). Notably, the significant differences changed topographically according to age from 4 to 8 years old. In our study, significant interactions between age and regions of interest were found in spectral power, complexity index and higher MSE time scales. Hence, the most group difference-sensitive EEG indices may vary during the course of development. Acquisition of data from younger FXS participants could enable the identification of specific critical moments during development where the neurodevelopmental trajectories diverge, thereby identifying ultimate periods to administer treatments for maximal gain.

On the other hand, increases in gamma power and reductions in alpha power have been associated with hyperexcitability in the FXS population. In a cognitive neuroscience framework, the alpha and gamma frequency bands have functional interactions, where alpha pulses are inhibited, reducing processing capacities in a given brain area. In this framework, alpha power is reduced by attention, and gamma oscillations are increased to process information (71). This inhibitory process, which happens through alpha activity (72), is thought to be driven by GABAergic interneurons (27). In the context of FXS, the impaired alpha activity could be generated by altered gamma power. Indeed, gamma activity is directly modulated by inhibitory GABAergic interneurons (65). The GABAergic system is known to be altered in FXS (7), consequently leading to hyperexcitability and increased gamma power. Furthermore, alpha oscillations reflect a neural mechanism aiming to gate the processing of external sensory information, altered in FXS (20, 27), as well as in other conditions such as pain (73).

From a neuroscience perspective, it has been established that local circuit glutamate-GABA interactions are part of the neural mechanisms underlying gamma activity (55), and that these interactions are altered in FXS. Indeed, overactivation of glutamatergic circuits and hypoactivation of GABAergic circuits have been documented (74). Furthermore, local circuit inhibitory interneurons are known to play an important role in regulating the flow of excitatory networks by providing inhibitory control (75). However, fast spiking inhibitory GABAergic interneurons, which are involved in high-frequency neural activity, are dysfunctional (12, 19, 56), leading to reduced local inhibition, and consequently resulting in neuronal hyperexcitability. Thus, our results support the gamma activity abnormalities and contribute to a better understanding of the cortical excitation/inhibition imbalance found in FXS (12, 65).




CONCLUSION

Our study confirms that several EEG markers characterizing brain maturation and hyperexcitability are altered in FXS. Moreover, the results obtained with our replication study cohort showed that results using different EEG systems are replicable, not only between FXS cohorts, but also between a FXS cohort and healthy controls. These results are encouraging and suggest the feasibility of multi-site studies. Future studies should consider pooling data using normalization techniques. Although further studies in younger participants are required, our results suggest critical points of stagnation in the neurodevelopmental curve that can be assessed particularly by signal complexity and alpha peak frequency, as they have been shown to be sensitive to both brain maturation and FXS phenotype. Hence, the significant findings obtained on MSE, APF, as well as delta, alpha, and gamma power suggest that several EEG atypicalities could be used as biomarkers for FXS. The next step is to determine if these markers are responsive to pharmacological treatments targeting specific mechanisms.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committees at CHU Sainte-Justine, the University of Alberta, and the University of California, Davis. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

MP-L and IK performed most of the analyses and wrote the manuscript. KA performed several analyses and created the figures. VC, HB, AT, C-OM, A-MB, and CR tested the participants and contributed to EEG signal analyses. Co-researchers FT, LA, SJ, RH, FB, DH, and AS contributed to the scientific conception of the study. SL is the senior scientist, she conceived the EEG project, and contributed to analyses, interpretation and writing. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the Azrieli Foundation, the Canadian Institutes of Health Research (CIHR) (grant number 142346) and the Natural Sciences and Engineering Research Council of Canada NSERC (grant number 386207).



ACKNOWLEDGMENTS

We would like to thank all participants and their families. We also want to acknowledge the financial support of our funding sources mentioned in the Funding section and all the professionals and students involved in this project, specifically Audrey-Ann Fauteux and Marguerite Nolin for their help with EEG pre-processing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2021.716707/full#supplementary-material



REFERENCES

 1. Garber KB, Visootsak J, Warren ST. Fragile X syndrome. Eur J Hum Genet. (2008) 16:666–72. doi: 10.1038/ejhg.2008.61

 2. Bolduc FV, Bell K, Cox H, Broadie KS, Tully T. Excess protein synthesis in Drosophila fragile X mutants impairs long-term memory. Nat Neurosci. (2008) 11:1143–5. doi: 10.1038/nn.2175

 3. Bear MF, Dolen G, Osterweil E, Nagarajan N. Fragile X: translation in action. Neuropsychopharmacology. (2008) 33:84–7. doi: 10.1038/sj.npp.1301610

 4. Contractor A, Klyachko VA, Portera-Cailliau C. Altered neuronal and circuit excitability in fragile X syndrome. Neuron. (2015) 87:699–715. doi: 10.1016/j.neuron.2015.06.017

 5. Bassell GJ, Warren ST. Fragile X syndrome: loss of local mRNA regulation alters synaptic development and function. Neuron. (2008) 60:201–14. doi: 10.1016/j.neuron.2008.10.004

 6. Bear MF, Huber KM, Warren ST. The mGluR theory of fragile X mental retardation. Trends Neurosci. (2004) 27:370–7. doi: 10.1016/j.tins.2004.04.009

 7. D'Hulst C, Heulens I, Brouwer JR, Willemsen R, De Geest N, Reeve SP, et al. Expression of the GABAergic system in animal models for fragile X syndrome and fragile X associated tremor/ataxia syndrome (FXTAS). Brain Res. (2009) 1253:176–83. doi: 10.1016/j.brainres.2008.11.075

 8. Morin-Parent F, Champigny C, Lacroix A, Corbin F, Lepage JF. Hyperexcitability and impaired intracortical inhibition in patients with fragile-X syndrome. Transl Psychiatry. (2019) 9:312. doi: 10.1038/s41398-019-0650-z

 9. Proteau-Lemieux M, Lacroix A, Galarneau L, Corbin F, Lepage JF, Caku A. The safety and efficacy of metformin in fragile X syndrome: an open-label study. Prog Neuropsychopharmacol Biol Psychiatry. (2021) 110:110307. doi: 10.1016/j.pnpbp.2021.110307

 10. Berry-Kravis E, Hicar M, Ciurlionis R. Reduced cyclic AMP production in fragile X syndrome: cytogenetic and molecular correlations. Pediatric Res. (1995) 38:638–43. doi: 10.1203/00006450-199511000-00002

 11. Côté V, Lalancette E, Knoth IS, Côt é L, Agbogba K, Vannasing P, et al. Distinct patterns of repetition suppression in fragile X syndrome, down syndrome, tuberous sclerosis complex and mutations in SYNGAP1. Brain Res. (2021) 1751:147205. doi: 10.1016/j.brainres.2020.147205

 12. Ethridge LE, White SP, Mosconi MW, Wang J, Byerly MJ, Sweeney JA. Reduced habituation of auditory evoked potentials indicate cortical hyper-excitability in fragile X syndrome. Transl Psychiatry. (2016) 6:e787. doi: 10.1038/tp.2016.48

 13. Knoth IS, Vannasing P, Major P, Michaud JL, Lippe S. Alterations of visual and auditory evoked potentials in fragile X syndrome. Int J Dev Neurosci. (2014) 36:90–7. doi: 10.1016/j.ijdevneu.2014.05.003

 14. Knoth IS, Lajnef T, Rigoulot S, Lacourse K, Vannasing P, Michaud JL, et al. Auditory repetition suppression alterations in relation to cognitive functioning in fragile X syndrome: a combined EEG and machine learning approach. J Neurodev Disord. (2018) 10:4. doi: 10.1186/s11689-018-9223-3

 15. Schneider A, Leigh MJ, Adams P, Nanakul R, Chechi T, Olichney J, et al. Electrocortical changes associated with minocycline treatment in fragile X syndrome. J Psychopharmacol. (2013) 27:956–63. doi: 10.1177/0269881113494105

 16. Van der Molen MJ, Van der Molen MW, Ridderinkhof KR, Hamel BC, Curfs LM, Ramakers GJ. Auditory change detection in fragile X syndrome males: a brain potential study. Clin Neurophysiol. (2012) 123:1309–18. doi: 10.1016/j.clinph.2011.11.039

 17. Van der Molen MJ, Van der Molen MW, Ridderinkhof KR, Hamel BC, Curfs LM, Ramakers GJ. Auditory and visual cortical activity during selective attention in fragile X syndrome: a cascade of processing deficiencies. Clin Neurophysiol. (2012) 123:720–9. doi: 10.1016/j.clinph.2011.08.023

 18. Jonak CR, Lovelace JW, Ethell IM, Razak KA, Binder DK. Multielectrode array analysis of EEG biomarkers in a mouse model of fragile X syndrome. Neurobiol Dis. (2020) 138:104794. doi: 10.1016/j.nbd.2020.104794

 19. Lovelace JW, Ethell IM, Binder DK, Razak KA. Translation-relevant EEG phenotypes in a mouse model of fragile X syndrome. Neurobiol Dis. (2018) 115:39–48. doi: 10.1016/j.nbd.2018.03.012

 20. Wang J, Ethridge LE, Mosconi MW, White SP, Binder DK, Pedapati EV, et al. A resting EEG study of neocortical hyperexcitability and altered functional connectivity in fragile X syndrome. J Neurodev Disord. (2017) 9:11. doi: 10.1186/s11689-017-9191-z

 21. Smith EG, Pedapati EV, Liu R, Schmitt LM, Dominick KC, Shaffer RC, et al. Sex differences in resting EEG power in fragile X syndrome. J Psychiatr Res. (2021) 138:89–95. doi: 10.1016/j.jpsychires.2021.03.057

 22. Wilkinson CL, Nelson CA. Increased aperiodic gamma power in young boys with fragile X syndrome is associated with better language ability. Mol Autism. (2021) 12:17. doi: 10.1186/s13229-021-00425-x

 23. White RS, Siegel SJ. Cellular and circuit models of increased resting-state network gamma activity in schizophrenia. Neuroscience. (2016) 321:66–76. doi: 10.1016/j.neuroscience.2015.11.011

 24. Gokten ES, Tulay EE., Beser B, Yuskel ME, Arikan K, et al. Predictive values of slow and fast EEG oscillations for methylphenidate response in ADHD. Clin EEG Neurosci. (2019) 50:332–8. doi: 10.1177/1550059419863206

 25. Tikka SK, Nizamie SH, Das B, Katshu MZ, Goyal N. Increased spontaneous gamma power and synchrony in schizophrenia patients having higher minor physical anomalies. Psychiatry Res. (2013) 207:164–72. doi: 10.1016/j.psychres.2012.09.006

 26. Wong H, Hooper AWM, Niibori Y, Lee SJ, Hategan LA, Zhang L, et al. Sexually dimorphic patterns in electroencephalography power spectrum and autism-related behaviors in a rat model of fragile X syndrome. Neurobiol Dis. (2020) 146:105118. doi: 10.1016/j.nbd.2020.105118

 27. Van der Molen MJ, Van der Molen MW. Reduced alpha and exaggerated theta power during the resting-state EEG in fragile X syndrome. Biol Psychol. (2013) 92:216–9. doi: 10.1016/j.biopsycho.2012.11.013

 28. Clarke AR, Barry RJ, Johnstone SJ, McCarthy R, Selikowitz M. EEG development in attention deficit hyperactivity disorder: from child to adult. Clin Neurophysiol. (2019) 130:1256–62. doi: 10.1016/j.clinph.2019.05.001

 29. Edgar JC, Dipiero M, McBride E, Green HL, Berman J, Ku M, et al. Abnormal maturation of the resting-state peak alpha frequency in children with autism spectrum disorder. Hum Brain Mapp. (2019) 40:3288–98. doi: 10.1002/hbm.24598

 30. Shephard E, Tye C, Ashwood KL, Azadi B, Asherson P, Bolton PF, et al. Resting-state neurophysiological activity patterns in young people with ASD, ADHD, and ASD + ADHD. J Autism Dev Disord. (2018) 48:110–22. doi: 10.1007/s10803-017-3300-4

 31. Halawa IF, El Sayed BB, Amin OR, Meguid NA, Abdel Kader AA. Frontal theta/beta ratio changes during TOVA in Egyptian ADHD children. Neurosciences. (2017) 22:287–91. doi: 10.17712/nsj.2017.4.20170067

 32. Lenartowicz A, Loo SK. Use of EEG to diagnose ADHD. Curr Psychiatry Rep. (2014) 16:498. doi: 10.1007/s11920-014-0498-0

 33. Heisz JJ, Shedden JM, McIntosh AR. Relating brain signal variability to knowledge representation. NeuroImage. (2012) 63:1384–92. doi: 10.1016/j.neuroimage.2012.08.018

 34. Lippe S, Kovacevic N, McIntosh AR. Differential maturation of brain signal complexity in the human auditory and visual system. Front Hum Neurosci. (2009) 3:48. doi: 10.3389/neuro.09.048.2009

 35. Ghanbari Y, Bloy L, Christopher Edgar J, Blaskey L, Verma R, Roberts TP. Joint analysis of band-specific functional connectivity and signal complexity in autism. J Autism Dev Disord. (2015) 45:444–60. doi: 10.1007/s10803-013-1915-7

 36. Liu T, Chen Y, Chen D, Li C, Qiu Y, Wang J. Altered electroencephalogram complexity in autistic children shown by the multiscale entropy approach. Neuroreport. (2017) 28:169–73. doi: 10.1097/WNR.0000000000000724

 37. Misic B, Doesburg SM, Fatima Z, Vidal J, Vakorin VA, Taylor MJ, et al. Coordinated information generation and mental flexibility: large-scale network disruption in children with autism. Cereb Cortex. (2015) 25:2815–27. doi: 10.1093/cercor/bhu082

 38. Chenxi L, Chen Y, Li Y, Wang J, Liu T. Complexity analysis of brain activity in attention-deficit/hyperactivity disorder: a multiscale entropy analysis. Brain Res Bull. (2016) 124:12–20. doi: 10.1016/j.brainresbull.2016.03.007

 39. Tassone F. Advanced technologies for the molecular diagnosis of fragile X syndrome. Expert Rev Mol Diag. (2015) 15:1465–73. doi: 10.1586/14737159.2015.1101348

 40. Roid GH, Miller LJ. Leiter international performance scale – revised: examiner's Manual. In: Roid GH, Miller LJ, Editors. Leiter International Performance Scale – Revised. Wood Dale, IL: Stoelting Co (1997).

 41. Roid GH, Miller LJ, Pomplun M, Koch C. Leiter International Performance Scale. 3rd Ed. Wood Dale, IL: Stoelting Co (2013).

 42. Wechsler D. Wechsler Preschool and Primary Scale of Intelligence. 4th Ed. Bloomington, MN: Psychological Corp (2012).

 43. Weschler D. Weschler Intelligence Scale for Children. 5th Ed. Bloomington, MN: Psychological Corp (2014).

 44. Sansone SM, Widaman KF, Hall SS, Reiss AL, Lightbody A, Kaufmann WE, et al. (2012). Psychometric study of the aberrant behavior checklist in fragile X syndrome and implications for targeted treatment. J Autism Dev Disord. 42:1377–92. doi: 10.1007/s10803-011-1370-2

 45. Tucker DM. Spatial sampling of head electrical fields: the geodesic sensor net. Electorencephalogr Clin Neurophysiol. (1993) 87:154–63. doi: 10.1016/0013-4694(93)90121-B

 46. Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J Neurosci Methods. (2004) 134:9–21. doi: 10.1016/j.jneumeth.2003.10.009

 47. Makeig S, Debener S, Onton J, Delorme A. Mining event-related brain dynamics. Trends Cogn Sci. 8:204–10. doi: 10.1016/j.tics.2004.03.008

 48. Costa M, Goldberger AL, Peng CK. Multiscale entropy analysis of biological signals. Phys Rev E Stat Nonlin Soft Matter Phys. (2005) 71(2 Pt 1):021906. doi: 10.1103/PhysRevE.71.021906

 49. Richman JS, Moorman JR. Physiological time-series analysis using approximate entropy and sample entropy. Am J Physiol Heart Circ Physiol. (2000) 278:2039–49. doi: 10.1152/ajpheart.2000.278.6.H2039

 50. Blakesley RE, Mazumdar S, Dew MA, Houck PR, Tang G, Reynolds, et al. Comparisons of methods for multiple hypothesis testing in neuropsychological research. Neuropsychology. (2009) 23:255–64. doi: 10.1037/a0012850

 51. van Noordt S, Willoughby T. Cortical maturation from childhood to adolescence is reflected in resting state EEG signal complexity. Dev Cogn Neurosci. (2021) 48:100945. doi: 10.1016/j.dcn.2021.100945

 52. Vakorin VA, Lippe S, McIntosh AR. Variability of brain signals processed locally transforms into higher connectivity with brain development. J Neurosci. (2011) 31:6405–13. doi: 10.1523/JNEUROSCI.3153-10.2011

 53. Weng WC, Chang CF, Wong LC, Lin JH, Lee WT, Shieh JS. Altered resting-state EEG complexity in children with Tourette syndrome: a preliminary study. Neuropsychology. (2017) 31:395–402. doi: 10.1037/neu0000363

 54. Côté V, Knoth IS, Lalancette È, Lavergne J-A, Côté L, et al. Behavioural characteristics related to adaptive functioning in young persons with tuberous sclerosis complex, down syndrome and fragile x syndrome. J Dev Phys Disab. (2020) 33:279–96. doi: 10.1007/s10882-020-09748-8

 55. Ethridge L, Thaliath A, Kraff J, Nijhawan K, Berry-Kravis E. Development of neural response to novel sounds in fragile X syndrome: potential biomarkers. Am J Intellect Dev Disabil. (2020) 125:449–64. doi: 10.1352/1944-7558-125.6.449

 56. Ethridge LE, White SP, Mosconi MW, Wang J, Pedapati EV, Erickson CA, et al. Neural synchronization deficits linked to cortical hyper-excitability and auditory hypersensitivity in fragile X syndrome. Mol Autism. (2017) 8:22. doi: 10.1186/s13229-017-0140-1

 57. Chiarenza GA. Quantitative EEG in childhood attention deficit hyperactivity disorder and learning disabilities. Clin EEG Neurosci. (2021) 52:144–55. doi: 10.1177/1550059420962343

 58. Clarke AR, Barry RJ, Karamacoska D, Johnstone SJ. The EEG theta/beta ratio: a marker of arousal or cognitive processing capacity? Appl Psychophysiol Biofeedback. (2019) 44:123–9. doi: 10.1007/s10484-018-09428-6

 59. Clarke AR, Barry RJ, McCarthy R, Selikowitz M. Correlation between EEG activity and behavior in children with attention-deficit/hyperactivity disorder. J of Neurother. (2011) 15:193–9. doi: 10.1080/10874208.2011.595295

 60. Zhang D-W., Li H, Wu Z, Zhao Q, Song Y, et al. Electroencephalogramm theta/beta ratio and spectral power correlates of executive functions in children with AD/HD. J Atten Disord. (2019) 23:721–32. doi: 10.1177/1087054717718263

 61. Deshpande PS, Coffey DB. Fragile X syndrome and attention-deficit/hyperactivity disorder symptoms. J Child Adolesc Psychopharmacol. (2011) 21:639–42. doi: 10.1089/cap.2011.2164

 62. Dickinson A, DiStefano C, Senturk D, Jeste SS. Peak alpha frequency is a neural marker of cognitive function across the autism spectrum. Eur J Neurosci. (2018) 47:643–51. doi: 10.1111/ejn.13645

 63. Edgar JC, Heiken K, Chen YH, Herrington JD, Chow V, Liu S, et al. Resting-state alpha in autism spectrum disorder and alpha associations with thalamic volume. J Autism Dev Disord. (2015) 45:795–804. doi: 10.1007/s10803-014-2236-1

 64. Ethridge LE, De Stefano LA, Schmitt LM, Woodruff NE, Brown KL, Tran M, et al. Auditory EEG biomarkers in fragile X syndrome: clinical relevance. Front Integr Neurosci. (2019) 13:60. doi: 10.3389/fnint.2019.00060

 65. Kozono N, Okamura A, Honda S, Matsumoto M, Mihara T. Gamma power abnormalities in a Fmr1-targeted transgenic rat model of fragile X syndrome. Sci Rep. (2020) 10:18799. doi: 10.1038/s41598-020-75893-x

 66. Angelakis E, Lubar JF, Stathopoulou S. Electroencephalographic peak alpha frequency correlates of cognitive traits. Neurosci Lett. (2004) 371:60–63. doi: 10.1016/j.neulet.2004.08.041

 67. Campbell IG, Feinberg I. Longitudinal trajectories of non-rapid eye movement delta and theta EEG as indicators of adolescent brain maturation. Proc Natl Acad Sci USA. (2009) 106:5177–80. doi: 10.1073/pnas.0812947106

 68. Cragg L, Kovacevic N, McIntosh AR, Poulsen C, Martinu K, Leonard G, et al. Maturation of EEG power spectra in early adolescence: a longitudinal study. Dev Sci. (2011) 14:935–43. doi: 10.1111/j.1467-7687.2010.01031.x

 69. Frohlich J, Miller MT, Bird LM, Garces P, Purtell H, Hoener MC, et al. Electrophysiological phenotype in angelman syndrome differs between genotypes. Biol Psychiatry. (2019) 85:752–9. doi: 10.1016/j.biopsych.2019.01.008

 70. Hadoush H, Alafeef M, Abdulhay E. Brain complexity in children with mild and severe autism spectrum disorders: analysis of multiscale entropy in EEG. Brain Topogr. (2019) 32:914–21. doi: 10.1007/s10548-019-00711-1

 71. Jensen O, Mazaheri A. Shaping functional architecture by oscillatory alpha activity: gating by inhibition. Front Hum Neurosci. (2010) 4:186. doi: 10.3389/fnhum.2010.00186

 72. Kwok EYL, Cardy JO, Allman BL, Allen P, Herrmann B. Dynamics of spontaneous alpha activity correlate with language ability in young children. Behav Brain Res. (2019) 359:56–65. doi: 10.1016/j.bbr.2018.10.024

 73. Simis M, Pacheco-Barrios K, Uygur-Kucukseymen E, Castelo-Branco L, Battistella LR, Fregni F. Specific electroencephalographic signatures for pain and descending pain inhibitory system in spinal cord injury. Pain Med. (2021). doi: 10.1093/pm/pnab124. [Epub ahead of print].

 74. Gatto CL, Broadie K. Genetic controls balancing excitatory and inhibitory synaptogenesis in neurodevelopmental disorder models. Front Synaptic Neurosci. (2010) 2:1–19. doi: 10.3389/fnsyn.2010.00004

 75. Cea-Del Rio CA, Huntsman MM. The contribution of inhibitory interneurons to circuit dysfunction in Fragile X Syndrome. Front Cell Neurosci. (2014) 8:245. doi: 10.3389/fncel.2014.00245

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Proteau-Lemieux, Knoth, Agbogba, Côté, Barlahan Biag, Thurman, Martin, Bélanger, Rosenfelt, Tassone, Abbeduto, Jacquemont, Hagerman, Bolduc, Hessl, Schneider and Lippé. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	CORRECTION
published: 24 February 2022
doi: 10.3389/fpsyt.2022.867000






[image: image2]

Corrigendum: EEG Signal Complexity Is Reduced During Resting-State in Fragile X Syndrome

Mélodie Proteau-Lemieux1,2†, Inga Sophia Knoth2†, Kristian Agbogba2, Valérie Côté2, Hazel Maridith Barlahan Biag3, Angela John Thurman3, Charles-Olivier Martin2, Anne-Marie Bélanger2, Cory Rosenfelt4, Flora Tassone3,5, Leonard J. Abbeduto3,6, Sébastien Jacquemont2,7, Randi Hagerman3, François Bolduc4, David Hessl3,6, Andrea Schneider3,8 and Sarah Lippé1,2*


1Department of Psychology, University of Montreal, Montreal, QC, Canada

2Research Center of the Sainte-Justine University Hospital, Montreal, QC, Canada

3University of California Davis Medical Investigation of Neurodevelopmental Disorders (MIND) Institute, Sacramento, CA, United States

4Department of Pediatric Neurology, University of Alberta, Edmonton, AB, Canada

5Department of Biochemistry and Molecular Medicine, University of California Davis School of Medicine, Sacramento, CA, United States

6Department of Psychiatry and Behavioral Sciences, University of California Davis School of Medicine, Sacramento, CA, United States

7Department of Pediatrics, University of Montreal, Montreal, QC, Canada

8California North State University, College of Psychology, Rancho Cordova, CA, United States

Edited and reviewed by:
Wenbin Guo, Central South University, China

*Correspondence: Sarah Lippé, sarah.lippe@umontreal.ca

†These authors share first authorship

Specialty section: This article was submitted to Neuroimaging and Stimulation, a section of the journal Frontiers in Psychiatry

Received: 31 January 2022
 Accepted: 02 February 2022
 Published: 24 February 2022

Citation: Proteau-Lemieux M, Knoth IS, Agbogba K, Côté V, Barlahan Biag HM, Thurman AJ, Martin C-O, Bélanger A-M, Rosenfelt C, Tassone F, Abbeduto LJ, Jacquemont S, Hagerman R, Bolduc F, Hessl D, Schneider A and Lippé S (2022) Corrigendum: EEG Signal Complexity Is Reduced During Resting-State in Fragile X Syndrome. Front. Psychiatry 13:867000. doi: 10.3389/fpsyt.2022.867000



Keywords: fragile X syndrome, hyperexcitability, EEG resting-state, signal complexity, multiscale entropy, alpha peak frequency, neurodevelopmental disorders, development
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In the original article, there was an error. The abstract states that we compared 26 FXS participants with 7 neurotypical controls. This is incorrect. As correctly stated in the methods and result sections, we compared 26 FXS participants to 77 neurotypical controls.

A correction has been made to Methods section of the Abstract.

Methods: In this study, resting-state EEG power, including alpha peak frequency (APF) and theta/beta ratio (TBR), as well as signal complexity using multi-scale entropy (MSE) were compared between 26 FXS participants (ages 5–28 years), and 77 neurotypical (NT) controls with a similar age distribution. Subsequently a replication study was carried out, comparing our cohort to 19 FXS participants independently recorded at a different site.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Introduction: Childhood and adolescence are crucial periods for brain and behavioral development. However, it is not yet clear how and when deviations from typical brain development are related to broad domains of psychopathology.

Methods: Using three waves of neuroimaging data within the population-based Generation R Study sample, spanning a total age range of 6–16 years, we applied normative modeling to establish typical development curves for (sub-)cortical volume in 37 brain regions, and cortical thickness in 32 brain regions. Z-scores representing deviations from typical development were extracted and related to internalizing, externalizing and dysregulation profile (DP) symptoms.

Results: Normative modeling showed regional differences in developmental trajectories. Psychopathology symptoms were related to negative deviations from typical development for cortical volume in widespread regions of the cortex and subcortex, and to positive deviations from typical development for cortical thickness in the orbitofrontal, frontal pole, pericalcarine and posterior cingulate regions of the cortex.

Discussion: Taken together, this study charts developmental curves across the cerebrum for (sub-)cortical volume and cortical thickness. Our findings show that psychopathology symptoms, are associated with widespread differences in brain development, in which those with DP symptoms are most heavily affected.

Keywords: neurodevelopment, normative modeling, childhood, adolescence, psychopathology


1. INTRODUCTION

Over the course of childhood and adolescence, both the brain and behavior undergo tremendous development. Regarding the relationship between the developing brain and atypical behavior, a body of evidence has associated differences in brain morphology to multiple domains of psychopathology (1–5). These studies have assessed multiple measures of brain morphology, including cortical volume and cortical thickness. However, the brain regions that have been identified are widespread and vary substantially across studies (5, 6). Additionally, the direction of effect also differs across studies, meaning that some studies find positive relationships between cortical thickness/volume and psychopathology, whereas others find negative associations (1, 7–10).

The age at which children are assessed may potentially be a crucial factor to unravel why effects across studies differ in both location and direction. Non-linear patterns in brain development across age may partially underlie differences in the direction of observed effects. Total brain volume, for example, increases until adolescence, where it reaches a plateau and starts to decline (11), whereas gray matter volume reaches this peak in early childhood (12). Additionally, evidence suggests that distinct brain lobes and regions within lobes, develop at their own pace (11, 13). The asynchronous development of regions and lobes may be an explanation for the effect differences observed in the brain regions involved in these studies. Recent work has therefore used data-driven normative modeling, a technique that can be used to derive typical development curves for brain morphology (14–16). Emerging evidence suggests that deviations from typical brain development, estimated using these normative models, improves prediction of psychopathology over predictions based on raw brain morphology measures (17).

Two broad domains of psychopathology, that have been widely studied in children, in relation to brain morphology include the internalizing domain (e.g., anxiety, depression) and the externalizing domain (e.g., aggressive behavior). A third domain is emotion dysregulation, which includes symptoms of both the internalizing and externalizing domain. Regions that were reported most consistently across studies for the internalizing domain include the orbitofrontal cortex (OFC) (1, 6, 8, 9, 18, 19), rostral middle frontal cortex (2, 3, 20), anterior cingulate cortex (ACC) (2, 3, 6, 19), amygdala (2, 3, 7, 20, 21) and hippocampus (2, 6, 18, 20). Regions that have shown to be associated with externalizing symptoms partially overlap with those reported for internalizing symptoms. These include the OFC (22), ACC (23–25), amygdala (4, 5, 26–28), hippocampus (24, 27, 29) and striatum (10, 23, 26). Research on emotion dysregulation is relatively scarce. However, Shaw et al. proposed that the OFC, amygdala and striatum, brain regions involved in the bottom-up response to emotional cues, are mainly associated with symptoms of emotion dysregulation (30).

The direction of the effect in earlier work on internalizing symptoms, seems to be dependent on the age range that is used in studies. Namely, studies including younger age ranges generally observed positive associations (1, 7, 19), whereas in older age ranges negative associations are observed (8, 9). In contrast, for externalizing symptoms, the majority of studies, including a meta-analysis for cortical and subcortical gray matter volume, point toward lower volume and thickness in children with externalizing disorders (5, 10, 22, 24–29), while a few report higher cortical volume or thickness (10, 31) and one reports a non-linear relationship (23).

The aims of this study were (i) to establish normative development curves for cortical thickness and (sub-)cortical volumes, covering the gray matter of the cerebrum, and (ii) to study to what extent deviations from typical development are related to psychopathology symptoms in a large population-based cohort of children and adolescents. We hypothesized that all three domains of psychopathology would be related to deviations from normative development of brain morphology. Specifically, we hypothesized that for internalizing symptoms, alterations would be most prominent in the rostral middle frontal cortex, OFC, amygdala and hippocampus; for externalizing in the ACC, OFC, amygdala, hippocampus and striatum; and for DP symptoms in the OFC, amygdala and striatum. Further, we hypothesized that the direction of these deviations varies with age for internalizing symptoms, with positive deviations at younger and negative deviations at older ages. For the externalizing domain we hypothesized that, in line with most prior work, higher symptoms are related to negative deviations from normative development at all ages.



2. MATERIALS AND METHODS


2.1. Participants

This study is embedded in the neuroimaging component of the Generation R Study, a large, longitudinal, population-based cohort with an observational design. The recruitment strategy has been described elsewhere (32–34). In brief, women living within specific zip codes of Rotterdam with a delivery date between April 2002 and January 2006 were invited to participate. The families are still being followed. When children were 6–10 years old (T1), 8–12 years old (T2), and 13 to 16 years old (T3), neuroimaging and behavioral data were collected. Children were included in the current study if they had good quality neuroimaging and behavioral data available in at least one wave of data collection. Neuroimaging data were excluded if any of the following conditions were present: dental braces, incidental findings that significantly alter brain morphology, or poor image quality. At T1, a total of 842 children were included, at T2, 2,708 children were included and at T3, 1,904 were included, resulting in a total sample of 5,454 scans from 4,415 children. A flowchart of the study sample is provided in Figure 1. The Generation R Study was approved by the medical ethics committee at the Erasmus MC and conducted according to the Declaration of Helsinki. Written informed consent, and when applicable assent, was obtained from the caregivers and their children.


[image: Figure 1]
FIGURE 1. Flowchart of the study sample.




2.2. Measures
 
2.2.1. Behavioral Assessment

Child behavior was assessed using the Child Behavior Checklist (CBCL). At T1, the CBCL version for children aged 1.5–5 years was used (35), and at T2 and T3, the CBCL version for children aged 6–18 years was used (36). Both versions are reliable and valid questionnaires to assess child behavior (35, 36). The CBCL v1.5-5 has 99 items, and v6-18 has 112 items that are scored on a three-point Likert scale (0 = not true, 1 = somewhat true, 2 = very true). From the CBCL v1.5-5, seven empirically derived syndrome scales were calculated. From the CBCL v6-18, eight syndrome scales were obtained. These syndrome scales were summed into three broad domains of psychopathology [internalizing, externalizing and dysregulation profile (DP) symptoms]. In the CBCL v1.5-5, the internalizing scale includes the emotionally reactive, anxious/depressed, withdrawn and somatic complaints syndrome scales, and in the CBCL v6-18 it is a sum-score of the anxious/depressed, withdrawn/depressed and somatic complaints syndrome scales. Externalizing symptoms were assessed with the attention problems and aggressive behavior syndrome scales in CBCL v1.5-5, and with the rule-breaking behavior and aggressive behavior syndrome scales in v6-18. Lastly, the DP is a comorbid profile, which is the summed score of the anxious/depressed, attention problems and aggressive behavior syndrome scales in both CBCL versions (35, 36).



2.2.2. MRI Acquisition

Neuroimaging data were collected on two scanners. At T1, structural MRI scans were acquired on a 3.0 Tesla GE Discovery MR750 MRI System (General Electric, Milwaukee, WI, USA). At T2 and T3, structural MRI scans were collected using a 3.0 Tesla GE Discovery MR750w MRI System (General Electric, Milwaukee, WI, USA). In all waves, we used an 8-channel receive only head coil. At T1, images were acquired using an inversion recovery fast spoiled gradient recalled (IR-FSPGR) sequence (sequence parameters: TE: 4.2 ms, TR: 10.3 ms, TI: 350 ms, flip angle: 16°, acquisition time: 5 min 40 s, FOV: 230.4 x 230.4, in-plane resolution: 0.9 mm3, coverage: whole-brain) (33). At T2 and T3, images were acquired using a 3D coronal inversion recovery fast spoiled gradient recalled (IR-FSPGR, BRAVO) sequence (sequence parameters: TE: 3.4 ms, TR: 8.77 ms, TI: 600 ms, flip angle: 10°, acquisition time: 5 min 20 s, FOV: 220 x 220, in-plane resolution: 1.0 mm3, phase encoding: R/L, fat suppression: yes, coverage: whole-brain) (34).



2.2.3. MRI Processing

Image processing for data from T1 to T3 was performed using FreeSurfer analysis suite v6.0.0 (http://surfer.nmr.mgh.harvard.edu/). All images were processed individually using FreeSurfer. FreeSurfer processing steps have been described in detail previously (37). Briefly, the analysis stream includes converting raw DICOM data to “MGZ-files,” skull stripping, intensity normalization, and voxel segmentation of gray matter, white matter and cerebrospinal fluid. Labeling of the gray matter regions was performed using the Desikan-Killiany atlas (38).



2.2.4. MRI Quality Assurance

MRI quality assurance has been described previously (33, 34, 39). To summarize, FreeSurfer image reconstructions were visually inspected by at least one rater. Based on how well FreeSurfer delineated the gray-white matter and the outer gray matter boundaries, each scan was rated on a Likert scale. Raters included master students, PhD students and postdoctoral researchers, who were all trained extensively, which was completed after correctly rating 30 scans of which quality was determined previously. At T1 and T2, scans were rated on a five point Likert scale (unusable, poor, sufficient, good, excellent). At T3, scans were rated on a three point Likert scale (poor, questionable, good). All scans that were unusable or of poor quality were excluded from the analyses. Quality assessment based on visual inspection was also compared to an automated quality assessment, which has been described previously for T1 and T2 data (40). Visual ratings were also compared to this automated quality assessment at T3, as well as to the Euler number which can be extracted after FreeSurfer reconstruction (41), this comparison is depicted in Supplementary Figure S1.



2.2.5. Covariates

Multiple covariates were included in the analyses. Sex was derived from medical records at birth. Handedness was measured at each data collection wave, with the Edinburgh Handedness Inventory (EHI) (42), from which a laterality quotient was obtained ranging from –1 (fully left-handed) to +1 (fully right-handed). Maternal education, household income and child national origin were assessed using a questionnaire. Maternal education and household income were assessed at T1 and used as proxies for socioeconomic status (SES). Maternal education was divided into three categories: low (no education/primary school), middle (high school/vocational training), and high (higher vocational training/university) and household income into two categories: below €2000,- per month and above €2000,- per month. Child national origin was assessed at baseline, based on the birth country of the parents, it was categorized as Dutch and non-Dutch (African, American western, American non-western, Asian western, Asian non-western, Cape Verdean, Dutch Antilles, European, Indonesian, Moroccan, Oceania, Surinamese and Turkish).




2.3. Statistical Analyses

Our primary analyses assessed the relationship between deviations from typical development in cortical and subcortical regions of interest (ROIs) and multiple domains of psychopathology, using normative modeling. Specifically we included the following ROIs: the ACC (sum of rostral and caudal ACC), OFC (sum of lateral and medial OFC), rostral middle frontal cortex, the amygdala, hippocampus and the striatum (sum of putamen, caudate and nucleus accumbens). For cortical ROIs, we included measures of cortical thickness as well as cortical gray matter volume, for subcortical ROIs, gray matter volumes were included. In our secondary analyses, we explored the remaining (sub-)cortical regions labeled within FreeSurfer (38, 43), following the same procedure as for our primary analyses. To reduce the total number of tests, brain measures were averaged across both hemispheres.

The analyses consisted of five steps. First, we residualized brain morphology measures for possible covariate effects using two different models. In model 1 the effects of sex and handedness were regressed out of brain and CBCL measures, in model 2 the effects of SES and child national origin were additionally regressed out. Second, these residualized brain morphology measures were used to fit our normative model. A common way to fit a normative model is to use Gaussian process regression with age, and have the model predict the brain measure from those inputs. Generally, the subjects used in these analyses are considered to have typical development and the model is then validated using a held out subset of typically developing subjects (14–16). The Generation R study, however, is a population-based sample that is not enriched for children with psychopathology. Thus, we fit the model on all participants, which has been described as a viable option previously (15). Importantly, the current sample did not merely include cross-sectional data, but also longitudinal data for many of the participants. We leveraged the longitudinal data by bootstrapping multiple unique combinations of subsets of scans as training sets. In the individual training sets, all participants were only included once, to prevent overfitting on a single person's development. To reach an approximately even distribution of participants across ages in each training set, approximately 50% of the scans acquired at T2 and T3 were not included in each individual training set. In each test set, 10% of the participants from T1, T2, and T3 were included.

We used Gaussian process regression (GPR) to fit (non)-linear normative trajectories to each brain measure across age. GPRs fit a Gaussian process to the given data points, such that any age, along a continuum (x-axis), is associated with a normal distribution for each brain region (y-axis). This approach is especially well-suited for normally distributed data. Given that we used a population sample, we assume that points for each brain region are normally distributed. Each brain measure was thus fit using a separate Gaussian process with GPytorch's (44) exact Gaussian processes module. The Gaussian process is continuous and can interpolate and extrapolate from the age range of a given set of points. An added benefit of associating a normal distribution with each brain measure given a certain age is that we can use the standard deviation of the distribution to calculate how confident the Gaussian process is in its prediction. It also allows us to interpret the distributions over time as each brain measure's normative trajectory. An important hyperparameter for Gaussian process regression is its kernel, which determines the shape of the line that the normal distributions are centered on. We empirically evaluate a variety of typical kernels for each brain region to limit assumptions about their normative trajectory. Before fitting the GPR, all brain measures were standardized to a mean of 0 and a standard deviation of 1, to accommodate direct comparisons of effect-size estimates across brain regions and measures. The age was rescaled between 0 and 1 based on the minimum and maximum age in the dataset. To assure we obtain the best fit for the trajectory of a given region, we evaluated multiple types of kernels on an unseen validation set. This validation set was a small (10% of each wave in the training fold) subsample of the training set. The kernels we used included a linear, Matern, radial basis function (RBF), and a rational quadratic kernel. We averaged the performance of each kernel over the validation sets to select the best kernel. The best kernel and complete training set, including the validation set, were used to train the final model. The final models for each training set were then used to predict the mean and standard deviance at each age in the test fold.

Third, the difference between these predicted mean and standard deviations for each morphological value and the true morphological values were used to calculate the z-scores for each participant. The formula for this calculation is shown in Equation 1.

[image: image]

Where, y are the true values for the brain measures at each age, [image: image] are the mean predicted brain measures at each age, and [image: image] are the predicted variances at each age. Note that because the normative model predicts a normal distribution at each age, average predicted brain measure at each age is the most likely value of that brain measure. Fourth, the association between the deviations of each individual from normative development and psychopathology was tested, using separate linear mixed model analyses. Internalizing, externalizing and DP symptoms were entered as dependent variables, z-scores for all brain measures were entered as independent variables, and a random effect was applied for participant ID. Finally, these analyses were repeated with an interaction term for age, to assess whether differences in the slope of deviations from typical development were age-dependent.

To assess the robustness of the findings, two sensitivity analyses were performed. First, normative development curves for (sub-)cortical volume in each region were fit with the effect of total intracranial volume (ICV) regressed out of individual volumes. Z-scores obtained from this model were subsequently related to psychopathology symptoms, to assess whether the effects observed were global or specific to regions. Second, we assessed whether deviations from typical development are specific to psychopathology domains. Therefore, analyses were repeated for brain regions that showed a significant relationship with two or more individual psychopathology domains, in which all significant psychopathology domains were entered in the model simultaneously.

Lastly, as post-hoc analyses, both normative developmental trajectories and deviations due to psychopathology were established for surface area in all hypothesis-driven and exploratory regions of interest, after which deviations from typical development were related to all psychopathology domains.

Bootstrapping and regression analyses were performed in R version 3.6.3 (45), normative modeling was performed in Python version 3.9.0 (46). Missing data in the covariates were imputed 30 times with 30 iterations using multiple imputation through chained equations with the mice package (47). The false discovery rate (FDR) was controlled using the Benjamini Hochberg procedure (48). Primary analyses were corrected for a total of 27 tests, at q-value = 0.05. Exploratory analyses were separately corrected for a total of 180 tests (q-value = 0.05). Analyses using an interaction term were corrected for multiple testing following the same procedure for a total of 207 tests. Hypotheses and analyses for this project were publicly preregistered, a time-stamped version of this preregistration is available via: www.osf.io/aqc4s. Slight deviations from our initial preregistration are described in the Supplementary Material. Analysis scripts are publicly available via https://github.com/eloygeenjaar/normative-smri-psychopathology.




3. RESULTS


3.1. Sample Characteristics

Sample characteristics are described in Table 1. At all time points the majority of the children included were of Dutch national origin (T1 = 70.8%, T2 = 65.4%, T3 = 63.0%), had mothers with high educational levels (T1 = 56.7%, T2 = 61.9%, T3 = 59.8%) and came from households with an income >€2,000.- per month (T1 = 76.7%, T2 = 80.5%, T3 = 78.8%).


Table 1. Demographic characteristics.

[image: Table 1]



3.2. Normative Development of Brain Morphology

The linear and/or non-linear development curves were fit for each residualized region (model 1 and model 2) included in the Desikan-Killiany atlas (38). Examples of the most common patterns that we observed are depicted in Figures 2, 3. Full results from the normative model are shown in Supplementary Figures S2, S3. The average change in (sub-)cortical volume and cortical thickness across 6–16 years of age is provided in Figure 4.


[image: Figure 2]
FIGURE 2. Examples of patterns of (sub-)cortical volume for each subject in the first fold and the fit of the normative model to the (sub-)cortical volume in the training set. A wider prediction range outside of data distribution is used for visualization purposes. For illustrative purposes, measures are rescaled to the original means and standard deviations.



[image: Figure 3]
FIGURE 3. Examples of patterns of cortical thickness for each subject in the first fold and the fit of the normative model to the cortical thickness in the training set. A wider prediction range outside of data distribution is used for visualization purposes. For illustrative purposes, measures are rescaled to the original means and standard deviations.



[image: Figure 4]
FIGURE 4. The absolute average percentage change per year of morphological measures. The change is calculated with absolute percentages of change per year, calculated across a span of 6–16 years in (A) cortical volume, (B) cortical thickness, (C) surface area, and (D) subcortical volume. To enhance interpretability, absolute average change was calculated using brain measures that were rescaled to their original means and standard deviations.



3.2.1. Cortical and Subcortical Volume

Normative development curves between age 6–16 revealed an increasing slope for (sub-)cortical volume in the entorhinal, inferior temporal, middle temporal, temporal pole, hippocampus, pallidum and thalamic regions; a decreasing slope for the cuneus, frontal pole, isthmus cingulate, lateral occipital, lingual, paracentral, pars opercularis, pars triangularis, pericalcarine, precuneus, post central, supramarginal and transverse temporal regions; and an inverted U-shaped curve for the anterior cingulate, banks of superior temporal sulcus, caudal middle frontal, inferior parietal, orbitofrontal, pars orbitalis, precentral, posterior cingulate, rostral middle frontal, superior frontal, superior parietal, superior temporal, amygdala and striatal regions. Flat trajectories were observed in the fusiform, insula and parahippocampal regions. These patterns were consistent across model 1 and 2. Given that normative development curves were fit on 12 bootstrapped folds of the dataset, the optimal fit differed slightly between individual folds, however, patterns described were consistent across all folds.



3.2.2. Cortical Thickness

The normative models fit on cortical thickness data showed a decreasing slope from early to later neurodevelopment in the majority of regions (see Supplementary Figure S1). The steepest slope was primarily seen between 6 and 12 years of age. Noteworthy exceptions with a fairly flat slope across neurodevelopment were the entorhinal and temporal pole regions. These patterns were consistent across models and folds.




3.3. Deviations From Normative Development and Psychopathology
 
3.3.1. Hypothesis Driven Analyses
 
3.3.1.1. Cortical and Subcortical Volume

All a priori selected, hypothesis driven, regions of interest for cortical and subcortical volume showed a negative relationship with some psychopathology domains, meaning that psychopathology symptoms were related to negative deviations from typical brain development. After correction for multiple testing, negative deviations from typical development in the ACC were related to all psychopathology domains; negative deviations in the OFC, the rostral middle frontal cortex, and the amygdala were related to externalizing and DP symptoms. Lastly, negative deviations from typical development in hippocampal and striatal volume were related to DP symptoms. Full results are shown in Figure 5 (model 2), Table 2 and Supplementary Table S1 (model 1).


[image: Figure 5]
FIGURE 5. Standardized B estimates of the relationship between z-scores (representing deviations of typical development in (sub-)cortical volume) and psychopathology symptoms. Bold face indicates an a priori defined, hypothesis driven, region of interest *indicates statistical significance after multiple testing correction range indicates 95% confidence interval.



Table 2. Hypothesis driven (sub-)cortical volume model 2.
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3.3.1.2. Cortical Thickness

Positive associations were observed between deviations from typical cortical thickness development in the OFC, and externalizing and DP symptoms after correction for multiple testing. No associations were observed between deviations from normative development in the ACC and rostral middle frontal cortex, and each of the psychopathology domains. Full results are shown in Figure 6 (model 2), Table 3 and Supplementary Table S2 (model 1).


[image: Figure 6]
FIGURE 6. Standardized B estimates of the relationship between z-scores (representing deviations of typical development in cortical thickness) and psychopathology symptoms. Bold face indicates an a priori defined, hypothesis driven, region of interest *indicates statistical significance after multiple testing correction range indicates 95% confidence interval.



Table 3. Hypothesis driven cortical thickness model 2.
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3.3.2. Exploratory Analyses
 
3.3.2.1. Cortical and Subcortical Volume

Exploratory analyses revealed significant negative associations between deviations from typical development in several (sub-)cortical volume regions and psychopathology domains. After correction for multiple testing, all psychopathology domains were related to negative deviations from typical development in the precuneus. Negative deviations from typical development in the cuneus, fusiform, inferior parietal, inferior temporal, isthmus cingulate, lateral occipital, lingual, middle temporal, posterior cingulate, precentral, superior parietal and thalamus were observed for externalizing and DP symptoms. Lastly, negative deviations in the parahippocampal region were specific to externalizing symptoms and negative deviations in the insula, pars triangularis, pericalcarine, postcentral and superior temporal region were specific to DP symptoms. Full results are shown in Figure 5 (model 2), Table 4 and Supplementary Table S3 (model 1).


Table 4. Exploratory (sub-)cortical volume model 2.
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3.3.2.2. Cortical Thickness

Positive deviations were observed in the pericalcarine region in relation to internalizing symptoms. Additionally, positive deviations from typical development in the frontal pole and the posterior cingulate region were related to higher externalizing and DP symptoms. Deviations from typical development in cortical thickness for most regions were not related to psychopathology symptoms. Full results are shown in Figure 6 (model 2), Table 5 and Supplementary Table S4 (model 1).


Table 5. Exploratory cortical thickness model 2.
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3.3.3. Interaction Effect Age

After correction for multiple testing, a significant positive interaction effect between age and the deviations from typical development in cortical volume was observed in the fusiform and parahippocampal region in relation to externalizing symptoms. This indicates that with increasing age, deviations from typical development become larger in those with externalizing symptoms. Full results are shown in Supplementary Tables S5–S8.



3.3.4. Sensitivity Analyses

In the first sensitivity analysis we repeated our analyses on cortical and subcortical volume while correcting for ICV, to assess whether the observed relationships were global or region specific. While the relationships attenuated in many regions, some region specific deviations were identified. In our hypothesis driven regions, the relationship between the ACC development and all psychopathology domains, as well as the relationship between the amygdala and externalizing symptoms remained statistically significant after adjustment for ICV. Additionally, exploratory analyses indicated a significant relationship between the lingual region and all psychopathology domains; between the cuneus, inferior parietal, lateral occipital and precuneus, and externalizing and DP symptoms; and between the isthmus cingulate, pars triangularis, pericalcarine and posterior cingulate, and DP symptoms. Full results are shown in Supplementary Tables S9, S10.

In the second sensitivity analysis we assessed whether, for those regions that showed a significant relationship with multiple psychopathology domains, certain psychopathology domains were associated to deviations from typical development above and beyond other psychopathology symptoms. Regarding cortical volume, our findings indicated that internalizing and externalizing symptoms are not related to deviations from typical development when controlling for other psychopathology domains. DP symptoms, however, were related to deviations from typical development in the ACC and the precuneus, when adjusting for internalizing and externalizing symptoms. Additionally, DP symptoms were related to deviations in the rostral middle frontal, cuneus, inferior parietal, isthmus cingulate, lateral occipital, middle temporal, posterior cingulate, precentral and thalamic region after adjustment for externalizing symptoms. For cortical thickness, none of the psychopathology symptoms were related when controlling for other psychopathology domains. Full results are shown in Supplementary Tables S11, S12.



3.3.5. Post-hoc Analyses

As post-hoc analyses, normative trajectories were established for cortical surface area. Normative trajectories showed an inverted U-shaped relationship for the majority of regions. Notable exceptions were positive trajectories in the anterior cingulate, entorhinal, fusiform, inferior temporal, insula, middle temporal, orbitofrontal, parahippocampal, pars opercularis, pars orbitalis, pars triangularis and temporal pole; and a negative trajectory for the transverse temporal region. Examples of the most common patterns are shown in Figure 7 and full results from the normative model are shown in Supplementary Figure S4.


[image: Figure 7]
FIGURE 7. Examples of patterns of surface area for each subject in the first fold and the fit of the normative model to the surface area in the training set. A wider prediction range outside of data distribution is used for visualization purposes. For illustrative purposes, measures are rescaled to the original means and standard deviations.


Relationships between deviations from typical development of surface area and psychopathology largely mirrored the associations between cortical volume and psychopathology, in which most regions showed negative deviations from typical development. Full results are presented in Figure 8 and Tables 6, 7.


[image: Figure 8]
FIGURE 8. Standardized B estimates of the relationship between z-scores (representing deviations of typical development in surface area) and psychopathology symptoms. Bold face indicates an a priori defined, hypothesis driven, region of interest range indicates 95% confidence interval.



Table 6. Hypothesis driven surface area model 2.
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Table 7. Exploratory surface area model 2.
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4. DISCUSSION

This study aimed to assess the relationship between deviations from typical brain development and psychopathology symptoms using three waves of neuroimaging and behavioral data from a large population-based cohort. We applied normative modeling to derive typical development curves, which showed regional differences in the development of subcortical and cortical volume, as well as cortical thickness and surface area. Psychopathology symptoms were related to deviations from typical development in subcortical volumes, and widespread regions across the cortex for cortical volume and surface area, and some regions for cortical thickness.

Our hypothesis driven and exploratory analyses together revealed that deviations from normative development related to psychopathology symptoms are not restricted to the a priori defined regions of interest, but rather that these deviations were present in regions across the entire cortex, as well as subcortical gray matter volumes. This raises the idea that the observed associations might not be region specific, but rather represent a global effect on brain development. Indeed, the majority of these findings did not remain after additional correction for ICV, indicating that the effects obtained are mostly global. Some areas, however, show a significant relationship on top of this global effect. Taken together, the observed pattern suggests that, while some regions may be particularly important for the emergence of psychopathology symptoms or affected by downstream effects of psychopathology (39), associations between cortical volume and psychopathology are not necessarily restricted to these regions. Given that emotion and behavior require integration of information that involves many brain regions, these small, but widespread differences may together lead to differences in psychopathology symptoms. Thus, our findings bolster the importance of analyzing the entire cortex and subcortex when assessing the relationship between brain morphology and psychopathology in youth, as opposed to restricting analyses to a priori defined regions of interest.

In line with our hypotheses, children with externalizing symptoms deviated from typical development for (sub-)cortical volumes in the ACC, OFC and amygdala, and children with DP symptoms deviated from typical development in the OFC, amygdala and striatum. As opposed to our initial hypothesis, we did not find evidence for a relationship between internalizing symptoms and the hypothesized regions of interest. Additionally, the relationship between deviations from typical development in the hippocampus and the striatum, and externalizing symptoms did not reach statistical significance. In line with the widespread alterations in development of subcortical and cortical volume, we additionally observed associations between the development of the ACC, and internalizing and DP symptoms, the rostral middle frontal cortex and externalizing and DP symptoms, and the hippocampus and DP symptoms. Earlier research on brain morphology and DP symptoms is relatively scarce, which is likely to explain why fewer regions had been reported to be related to DP symptoms previously. Our findings showed that associations between brain morphology and the DP were even more widespread than those for internalizing and externalizing symptoms. After correction for ICV, our results indicated region specific deviations from typical development for cortical volume in the ACC in relation to all psychopathology domains. Indeed, the ventral part of the ACC has been shown to have an important role in emotion regulation, including contextual fear generalization and the top-down regulation of aggressive impulses (49–52), and the dorsal ACC is crucial for cognitive control (53). Altered development of amygdala volume was only associated to externalizing and DP symptoms in this study, which is surprising given the role of the amygdala in processing of emotional cues that are important for all psychopathology domains (54). We had predicted that deviations in amygdala volume would also be associated with internalizing symptoms, although an earlier meta-analysis indicated that results on amygdala volume are somewhat inconsistent across studies, resulting in an absence of an effect in this meta-analysis (6). Regarding cortical thickness, deviations from typical development in the OFC were related to externalizing and DP symptoms, which is in line with the results obtained for cortical volume. However, in contrast with the findings for cortical volume, no associations between deviations from typical development in the ACC and any type of psychopathology were observed. Lastly, we hypothesized deviations from typical development in cortical thickness in the rostral middle frontal cortex to be related to internalizing symptoms, however, we did not find evidence for the presence of this relationship.

Deviations from typical development in surface area in children with symptoms of psychopathology showed remarkably similar results as those obtained for cortical volume. The overlap is likely partially explained by the high correlations between cortical volume and surface area, which in our sample ranged between 0.26 and 0.94. Given the low correlation between cortical thickness and surface area, these findings point toward surface area as an important brain morphology measure to study in relation to psychopathology. Although surface area is studied less extensively than cortical volume and cortical thickness in relation to psychopathology, recent work also showed similar results between psychopathology, and both cortical volume and surface area, but no relationship with cortical thickness (55). Contrary to these findings and the current findings, other work has observed alterations in cortical thickness in relation to multiple domains of psychopathology, whereas alterations in surface area were specific to externalizing disorders (56). A critical difference is, however, that the latter study evaluated the association between childhood psychopathology and brain morphology in mid-adulthood, and thus may not generalize to developmental populations. It will be important for future work to extend the current findings by assessing the relationship between brain morphology and psychopathology at multiple ages across the lifespan.

In both our hypothesis driven and exploratory analyses we showed that deviations from normative development were associated with psychopathology. Although the overlap in confidence intervals in the majority of regions do not suggest significant differences in effect sizes between psychopathology domains, a consistent pattern is observed with the largest effect sizes for DP symptoms and the smallest effect sizes for internalizing symptoms. This pattern was also observed in earlier work using the first and third wave of the current sample, for the relationship between cognitive performance, and internalizing, externalizing and DP symptoms (57, 58). These findings align closely with recent evidence that some alterations in brain structure and function are shared across many psychiatric disorders (59, 60). It is likely that the overlap in involved brain regions can partially be attributed to the high correlation among psychopathology domains. For example, internalizing and externalizing symptoms generally correlate with a coefficient of around 0.5 (61). Achenbach et al. (61) recommended adjustment for externalizing symptoms when internalizing symptoms are assessed and vice versa. Following this recommendation we performed sensitivity analyses for those regions in which deviations from typical development were related to multiple psychopathology domains. Our findings indicated that only DP symptoms were related to regional deviations from typical development above and beyond internalizing and externalizing symptoms. Thus, our findings add to the current knowledge that those with DP symptoms are most heavily affected in terms of symptomatology (62) and cognitive performance (57, 58), that they are also most heavily affected in terms of deviations from brain development. A promising line of research that has emerged in recent years, aims to unpack the shared variance between individual dimensions of psychopathology into a general psychopathology factor (63, 64). The variance in symptomatology that remains after extraction of the general psychopathology factor can then be viewed as more specific internalizing and externalizing symptoms. Indeed, recent work has used a similar approach to normative modeling as used in the current study, and showed that general psychopathology was associated with deviations from typical development for gray matter volume in widespread regions across the cortex, and additionally identified regions that associated with specific psychopathology dimensions (17). This study focused on gray matter volume and used clinical cases to assess associations with psychopathology. Thus, a promising extension of our study would be to assess whether deviations from typical development in relation to the general psychopathology factor are also more pronounced in cortical volume than cortical thickness.

Regarding the direction of effect, negative deviations from typical development were observed for cortical volume and surface area, and psychopathology, whereas positive deviations were observed in the relationship between cortical thickness and psychopathology. These directions were consistent across all psychopathology domains, in which very few interaction effects for age were observed. The absence of this interaction effect suggests that the direction of effect between psychopathology symptoms and deviations from typical development were largely stable between 6 and 16 years of age. Thus, while we had hypothesized an age-dependent effect on the deviations of typical development related to internalizing symptoms, we only provide evidence for age related effects in the development of the fusiform and parahippocampal volume in relation to externalizing symptoms. To provide more context to the direction of effect, both in cortical volume and thickness, it would be beneficial to not only establish typical development curves using cross-sectional data, but also using longitudinal MRI data. Indeed, some evidence suggests that longitudinal trajectories of cortical development are different in those with internalizing (1, 8) and externalizing symptoms (24). Extending findings of the current study, by studying temporal changes in the deviations from typical development in relation to temporal changes in psychopathology, could provide unique insights in the bidirectional relationship between behavioral and brain development.

Findings from our normative model are in line with contemporary work that finds the average growth trajectory for gray matter volume to peak at 6–10 years of age, after which it declines (12, 65–67). This pattern is also observed for total brain volume, although earlier work did not model a decline in total brain volume after this peak (68) . The parietal and occipital lobe mirror this inverted U-shaped pattern in our normative model. Regional differences in developmental trajectories have been reported previously (11, 13, 69) and indeed we extend prior knowledge by showing that, similar to the earlier work (69), across a span of 6–16 years of age, many regions in the frontal and temporal lobe reach their peak volume after 6 years of age. Thus, our findings indicate that each brain region develops at its own pace, with brain regions located in the same lobe showing similar developmental trajectories. We also observed almost identical patterns in subcortical gray matter volume as previous work (12, 66), which showed inverted U-shaped trajectories that reached a peak around 15 years of age. Our findings indicate either an inverted U-shaped or positive developmental trajectory for individual subcortical regions. Further, our model showed that cortical thickness has a negative developmental curve for the vast majority of regions, with only some regions showing a fairly flat trajectory. This is consistent with earlier findings showing a decrease in cortical thickness across this age range (70) and largely consistent with other work, although the peak of cortical thickness was either reached at earlier (66) ages for average cortical thickness or later ages for average as well as regional cortical thickness (65, 71). Further, our findings showed that the rate of change differs across brain regions. For example, regions in the occipital lobe have a steep decline in cortical thickness between 6 and 12 years of age, after which they reach a plateau, whereas regions in the parietal and cingulate cortex have a more linear decline over time, of which most do not yet reach a plateau at 16 years of age. Regarding surface area, earlier work indicated that across the entire cortex, development follows an inverted U-shaped trajectory across childhood and adolescence (65, 66). In line with these findings, our results indicate similar trajectories for most regions. However, our findings also indicate that for regions mostly in the frontal and temporal lobe, surface area continues to increase until after 10–12 years of age, mirroring the regional differences in development observed for cortical volume and thickness.

Our study has several strengths and limitations. First, a key strength of the current study is that we used normative modeling to establish z-scores representing deviations from normative development, which were subsequently related to psychopathology symptoms. Earlier work has shown that these regional deviations form typical development provide a greater prediction accuracy for psychopathology symptoms than using raw measures of brain morphology (17). Second, this study included a large age range, spanning early childhood to mid-adolescence, which allowed us to extend contemporary findings (12, 70) in an age range that has not been studied extensively. Third, we were able to adjust our analyses for many potentially confounding factors. Although we interpreted the second model, some associations observed in model 1, corrected for biological sex and handedness, attenuated upon adjustment for SES and child national origin. These differences in the results obtained from the first and second model indicate the importance of adjustment for potentially confounding factors. Fourth, the population-based setting of the current study is both a strength and limitation. To derive typical developmental trajectories of brain morphology, a population-based sample is ideal. However, the majority of participants in this study exhibit relatively low levels of psychopathology, limiting the power to detect associations that might exist in those with clinical psychopathology levels. Fifth, while the current sample covers a large and important age range for developmental studies, the data acquired was not equally distributed across all ages. This can potentially influence the results around ages where fewer data was available. Sixth, although the current findings were derived from one of the largest population-based samples covering childhood and adolescence, our findings warrant replication in other comparable cohorts. Seventh, the data at T1 was obtained on a different MRI scanner than the data at T2 and T3, which may have influenced the results. Finally, a limitation of the current study is the amount of inter-individual variability in brain morphology measures and subsequently in the obtained z-scores. This results in small effect sizes in the associations we observed. However, small effect sizes are consistently reported for studies on brain morphology and psychopathology, and in those that have obtained large effect sizes, the effect size is often inflated by the small sample size (72).

In summary, this study charted regional typical development of subcortical and cortical volume, surface area and cortical thickness. Findings showed that deviations from this typical development curve were related to psychopathology symptoms in widespread regions of the cerebral (sub-)cortex. DP symptoms were related to regional deviations from typical brain development above and beyond internalizing and externalizing symptoms in cortical volume. Our findings underline the evidence that assessing deviations from typical development in terms of (sub-)cortical volume and thickness can provide insights in the coupling between brain and behavioral development.
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Despite not being part of the core diagnostic criteria for attention-deficit/hyperactivity disorder (ADHD), emotion dysregulation is a highly prevalent and clinically important component of (adult) ADHD. Emotionally dysregulated behaviors such as reactive aggression have a significant impact on the functional outcome in ADHD. However, little is known about the mechanisms underlying reactive aggression in ADHD. In this study, we aimed to identify the neural correlates of reactive aggression as a measure of emotionally dysregulated behavior in adults with persistent ADHD during implicit emotion regulation processes. We analyzed associations of magnetic resonance imaging-based whole-brain activity during a dynamic facial expression task with levels of reactive aggression in 78 adults with and 78 adults without ADHD, and also investigated relationships of reactive aggression with symptoms and impairments. While participants with ADHD had higher reactive aggression scores than controls, the neural activation patterns of both groups to processing of emotional faces were similar. However, investigating the brain activities associated with reactive aggression in individuals with and without ADHD showed an interaction of diagnosis and reactive aggression scores. We found high levels of activity in the right insula, the hippocampus, and middle and superior frontal areas to be particularly associated with high reactive aggression scores within the ADHD group. Furthermore, the limbic activity was associated with more hyperactivity/impulsivity symptoms. These results suggest a partly differential mechanism associated with reactive aggression in ADHD as compared to controls. Emotional hyper-reactivity in the salience network as well as more effortful top–down regulation from the self-regulation network might contribute to emotionally dysregulated behavior as measured by reactive aggression.

Keywords: adult ADHD, emotion dysregulation, dynamic facial expressions, reactive aggression, task-based fMRI


INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a highly prevalent neurodevelopmental disorder (1), characterized by core symptoms of inattention and/or hyperactivity and impulsivity (2). Symptoms of ADHD persist into adulthood in up to 66% of affected individuals (1) and are commonly accompanied by emotion regulation problems (3). Even though symptoms of emotion dysregulation (ED) are prevalent in people with ADHD (with 24–50% in children and up to 70% in adults) and are an important predictor of ADHD symptoms (4), they have long been disregarded in diagnostic and therapeutic context (3).

An important expression of severe ED in ADHD is reactive aggression (5–9). Not only is aggressive behavior a frequent catalyst for diagnostic consultation (6), recent research reports that reactive aggression in ADHD remains significantly elevated after correction for comorbidities such as conduct disorder and oppositional defiant disorder (8, 10). Literature often distinguishes two types of aggressive behaviors. While proactive aggression links to instrumentalized and controlled aggressive behaviors, reactive aggression is a mirror of a dysregulated emotional response, e.g., to fear or anger (11). Reactive aggression can have a large impact on multiple dimensions of life. People with ADHD and co-occurring aggression show the most maladaptive strategies in emotion regulation and social decision making (12), often resulting in unstable dysfunctional relationships and families, peer rejection and victimization, functional impairments in school and later occupation, as well as an elevated risk of contact with criminality (6, 9, 10, 13). Reactive aggression has also consistently been linked to suicidal behaviors and attempts (9, 14). Abel et al. (9) reported that this elevated risk of suicidal behavior in reactive aggression is modulated by hyperactivity and impulsivity symptoms, irrespective of comorbidities such as depression.

Altered structural or functional maturation of several brain areas might point toward a neurodevelopmental link of ADHD with reactive aggression. Among small morphological differences in several areas, the structural alterations implicated in ADHD involve reduced volumes within the limbic system, e.g., the amygdala and the hippocampus (15), as well as differential cortical thickness in frontal and parietotemporal brain regions (16). Besides structural implications in ADHD, these regions also exhibit altered functional connectivity and altered activity profiles in ADHD [as reviewed by Rubia (17)]; they have been linked to altered emotional reactivity and memory [limbic system, orbito, and ventromedial frontal cortex (18, 19)] as well as executive functioning and attentional frontal and parietotemporal networks (20).

Emotional subprocesses are relevant for the emergence of reactive aggression and are frequently assessed using functional magnetic resonance imaging (fMRI) paradigms inducing an implicit or explicit emotional reaction to emotionally salient stimuli, e.g., the implicit processing of facial emotional expressions. FMRI studies in children and adolescents with ADHD have revealed patterns of elevated bottom-up emotional reactivity, reflected in altered activity in the amygdala, insula, ventral striatum, and the orbitofrontal cortex (OFC; 17, 21–24). Additionally, differences in the top–down modulation of emotional responses were found in tasks involving active emotion regulation. Differential activation of the amygdala or insula and hypo-connectivity of those structures to prefrontal structures, such as the ventrolateral PFC, the anterior cingulate cortex (ACC), and the temporoparietal junction (TPJ) have been observed in ADHD (25–27). Only few fMRI studies on face emotion processing were carried out in adults with ADHD, covering only small, remitted, or partially remitted samples and focusing on response inhibition and attention. The authors reported (subthreshold) activity- and connectivity differences in limbic and prefrontal circuit in an emotional go/no-go task (28) or hyperactivity in face-processing areas and differential connectivity to regions linked to attention in remitted adults in a dynamic facial expression task (29).

The above-mentioned brain regions altered in people with ADHD are overlapping broadly with the neural correlates of reactive aggression. While reactive aggressive behavior appears to be facilitated by activity of the limbic system and hypothalamus, prefrontal activity seems to indicate inhibition of such behaviors (30). Alia-Klein et al. (31) summarize the emergence of anger as a basis of reactive aggression to (1) reactivity of the salience network (dACC, Insula and limbic structures), influenced by (2) social cognition and self-referential processes in the mentalizing network (TPJ, SFG, posteriorCC, and dorsolateralPFC) and downregulated by (3) the self-regulation network (PFC, ACC, and IFG).

Hence, reactive aggression is associated with an imbalance of cognitive control (implemented in prefrontal areas) and hyper-reactivity to emotional stimuli of the limbic system and insula (8, 32, 33).

Despite the high impact on the quality of life, our understanding of the co-occurrence of ADHD with and reactive aggression and of the underlying mechanisms is limited. Neural circuits engaged in reactive aggression -as a severe form of ED- overlap with structurally and functionally implicated brain regions in ADHD and are linked together in functional neuroimaging studies on children and adolescents. However, research on the neural circuits or alterations during emotion processing underlying reactive aggression in adults with persistent ADHD is clearly underrepresented, does not cover implicit facial emotion processing nor integrate behavioral impairments such as ratings of reactive aggression.

This study aimed to identify the neural correlates of reactive aggression in adults with persistent ADHD during implicit emotion regulation processes. We acquired fMRI during a dynamic facial expression task (34, 35). We investigated the neural correlates of reactive aggression in adults with and without ADHD and analyzed the covariance of whole-brain activity with levels of reactive aggression scores from a questionnaire. We expected reactive aggression to be associated with altered neural activation within the emotion regulation network. Moreover, we aimed to identify subprocesses relevant for reactive aggression. We hypothesized more emotional reactivity, as reflected in hyperactivity of the limbic system and anterior insula, and/or more effortful or less cognitive control processes, as reflected in differential prefrontal activity to be relevant for the occurrence of higher reactive aggression in ADHD. We also explored the association of ADHD diagnosis and clinically relevant variables with the reactive aggression scores and post hoc correlations with the neural activity in areas implicated in reactive aggression in the fMRI analysis [insula, hippocampus, precentral gyrus, superior and middle frontal gyrus, middle temporal gyrus (MTG), and lingual gyrus].



MATERIALS AND METHODS


Participants and Experimental Procedure

A total number of 83 adults with a confirmed diagnosis of ADHD and 79 healthy control subjects participated in this fMRI experiment. Participants were recruited via newspaper advertisements, patient organizations, and local sports clubs in and around Nijmegen, Netherlands. All of the participants provided written informed consent before participating in the study and received monetary compensation for their participation. The study was approved by the local medical ethical committee.

Participants were included in the ADHD group if they had been diagnosed with ADHD by a clinician. To confirm the diagnosis and assess previous and current symptoms in all participants, we conducted the Diagnostic Interview for Adult ADHD [DIVA 2.0; (36)]. The DIVA includes nine subscales for the symptoms of inattentiveness and hyperactivity/impulsivity and further assesses subjective impairment over life domains such as occupation, family and relationships, social contacts, hobbies and self-image in childhood as well as adulthood. Participants were included in the control group when the following criteria were met: absence of previous diagnoses of ADHD, of current neurological or psychiatric disorders and of first-degree family members with ADHD. Exclusion criteria for all participants comprised (1) an age younger than 18 or older than 60 years, (2) neurological disorders, (3) psychosis or substance abuse in the last 6 months, (4) current major depression, (5) psycho-pharmaceutical therapy other than stimulants, (6) impairments of hearing, seeing and sensorimotor abilities as well as (7) problems with understanding Dutch (to ensure that all of the participants understood the study protocol and the task instructions). The 40 participants with ADHD that received regular pharmacological treatment with stimulants, were asked to pause their medication intake 24 h prior to participation. Missing data of the reactive proactive aggression questionnaire of five participants from the ADHD and failed fMRI data preprocessing of one control subject resulted in a total sample of 78 participants with and 78 participants without ADHD. Both groups had comparable distributions of age, sex, IQ, and educational background (see Table 1 for a demographic description of the sample including the relevant questionnaire data).


TABLE 1. Demographic description of the sample.

[image: Table 1]

Participation was structured in two parts. The first part included the diagnostic screening for ADHD using the DIVA (36) and a short screening for comorbid psychiatric disorders following the Structured Clinical Interview for DSM, SCID-5. Demographic information was collected and IQ testing was performed using block-design and vocabulary subtests of the Wechsler Adult Intelligence Scale (37). In the second part, structural and functional magnetic resonance imaging (MRI) scans were acquired. After the visit, participants were asked to fill in questionnaires via an online platform, among others the Reactive-Proactive Aggression Questionnaire [RPQ; (11)]. The RPQ is a 23-item self-report questionnaire inquiring 11 example sentences of reactive and 12 of proactive aggression that are scored by the participant in a scale of never, sometimes and often. As reactive, but not proactive aggression is implicated in ED as well as ADHD, only the reactive subscale was used in the subsequent analyses. In the Supplementary Section “Analysis of Proactive Aggression,” Supplementary Table 2, we attached a linear regression on proactive aggression and ADHD.

To investigate implicit emotion processing during MRI, an adapted dynamic facial expression task was applied, showing faces morphing from a neutral face to an angry, fearful or happy facial expression in short clips of four frames. This task has proven to elicit activity in structures reflecting emotion processing, such as the amygdala (38). The stimuli were taken from a standardized set and consisted of 10 gray-scale clips per emotion, each represented by a different actor of male and female gender in equal distribution. During the experimental session, we presented 6 blocks per emotion with a duration of 22.5 s, which consisted of 50 trials, 5 repetitions for each of the 10 actors. The blocks were presented in counterbalanced order interleaved with 9 blocks showing a fixation cross. In one random trial of each block, a red dot was displayed on the forehead of the actor (see Supplementary Figure 1 in the section Supplementary Material). Participants were asked to press the button on a response box fixated on their leg as soon as the red dot appeared on the actor’s face, to sustain their attention while preserving passive processing of the emotional faces. The scanning time for this task was approximately 10 min.



Image Acquisition

Magnetic resonance imaging scans were conducted using a 32-channel coil and a 3 Tesla Siemens Magnetom Prisma scanner (Siemens Trio, Erlangen, Germany). A T1-weighted MPRAGE sequence (TI = 1,100 ms, flip angle = 8°, TE = 3.03 ms, TR = 2300.0 ms, bandwidth = 130 Hz/Px) with 192 sagittal slices (slice thickness = 1.0 mm) was used for the structural scanning, providing whole-brain coverage. Functional blood oxygen level-dependent (BOLD) images were collected using a T2*-weighted echo-planar imaging (EPI) sequence (TR = 1,000 ms, TE = 34.0, flip angle = 60°, FOV = 210 mm, voxel size = 2 mm × 2 mm × 2 mm, 66 slices, interleaved acquisition, slice thickness = 2.00 mm). Preprocessing was performed in FSL FEAT. The first 5 images were discarded from further analysis. Mean framewise displacement of all participants was below the cutoff of 0.5 mm for 10% of the frames. After grand mean scaling and boundary based registration to the structural image and realignment as motion correction, a Gaussian filter of 5 mm kernel was applied to the images. Motion correction was performed using a dedicated independent component analysis based selection algorithm (39). Additionally, the average signal of white-matter and corticospinal fluid were subtracted from the data. For analyses on the group level, we normalized individual scans to Montreal Neurological Institute 152 standard space, 2 mm resolution.



Analysis


Functional Magnetic Resonance Imaging Task Activation

Single subject fMRI analysis were performed in FSL FEAT (version 6.0.3) using a general linear model (GLM) with three regressors of interest modeling the onsets of happy, angry and fearful face blocks with a duration of 22.5 s as well two regressors of no interest modeling the trials where the red dot indicated the attention control task and the timing of the response as event markers with a duration of 0 s. As the task distracted from emotion processing, related BOLD activity and behavioral results of the task were excluded. Results were corrected for age and sex. All events were convolved with the canonical hemodynamic response function.

Three group level contrasts were defined by contrasting each emotional condition against the implicit baseline of the fixation blocks resulting in Happy > Fixation, Angry > Fixation, and Fear > Fixation images. We included the factors diagnosis in two groups and emotion in the three levels angry, fear and happy in a mixed factorial model and investigated the group effects for each emotion separately as well as for all conditions together (Emotion > Fixation). Results are reported at a cluster-level corrected significance threshold of p < 0.05.

We further investigated effects of sex on the brain activity during emotion processing.



Analysis of Functional Magnetic Resonance Imaging Task Activation and Reactive Aggression

To analyze the relationship between reactive aggressive scores with implicit emotion regulation and emotional reactivity, we included the contrast of all emotions versus the implicit baseline (Emotion > Fixation) as one summary measure per subject as well as the individual reactive aggression scores as a mean centered continuous covariate in the second level GLM. We were interested in the group specific correlates of reactive aggressive behavior, more specifically which brain regions would be relevant for higher reactive aggression scores in ADHD. Therefore we first investigated the interaction of diagnosis with reactive aggression, to see if there were group differences dependent on reactive aggression scores. Based on this interaction, we further looked at the effect in each group individually to find clusters associated with the co-occurance of higher reactive aggression within the ADHD group. To correct for multiple comparisons in this exploratory analysis, we applied a Monte-Carlo-simulation of 1,000 iterations for cluster extent correction on the uncorrected t-maps at p = 0.001 [(40, 41), this method is publicly accessible at https://drive.google.com/file/d/16HVUD-PZaEpwHoZE99YXDxhcuLawjW7O/] resulting in a cluster extent of 11 resampled voxels at a cluster extent threshold of p = 0.05 assuming a type 1 error of 0.01.



Post hoc Associations of Clinical Measures

To investigate the association between ADHD and the reactive aggression score of the RPQ, we used a linear regression analysis, modeling the Reactive Aggression scores by the binomial factor “diagnosis” (1 = ADHD group, 0 = control group). We included age and sex as covariates in the model. The analysis was conducted in R version 3.6.1.

To investigate the association of clinical outcome with aggression, we introduced DIVA subscales of adult symptoms (Hyperactivity/Impulsivity, Inattention) and impairments (Occupation, Relationships and family, Social contacts, Hobbies, and Self-image) as compounds to a linear model of reactive aggression scores. To assess clinical implications of our results, we analyzed the relationship of ADHD specific neural correlates of reactive aggression with the clinical expression of ADHD. We therefore analyzed correlations between symptoms and the activity in the right limbic system, the right precentral, inferior middle temporal and lingual gyri as well as the middle and superior frontal clusters showing positive covariance with elevated reactive aggression. Results are reported as Spearman’s ρ and Bonferroni-corrected for multiple correlations.

We additionally performed a sensitivity analysis to investigate potential influences of medication on reactive aggression, the number of hyperactivity and impulsivity symptoms and impairments measured with the DIVA as well as the brain activity associated with reactive aggression in the ADHD group, see the section Supplementary Analysis.





RESULTS


Functional Magnetic Resonance Imaging Task Activation

For the whole-brain analysis of viewing all emotions compared to the implicit baseline, ADHD cases and controls did not show any differential activation patterns. Both diagnostic groups showed BOLD responses to emotional faces in broad clusters spanning several areas. These regions included temporoparietal, inferior, and superior frontal cortical areas as well as several subcortical areas including parts of the limbic system, see Supplementary Table 1 and Supplementary Figure 2. No significant differences were found either when analyzing the emotions separately. Comparisons were made at the FWE-corrected threshold of p = 0.05.

We furthermore found two clusters in the left superior frontal as well as left OFC associated with sex differences during emotion processing, see Supplementary Table 3.



Neural Correlates of Reactive Aggression


Interaction of Reactive Aggression and Diagnostic Group

We found a significant interaction between ADHD diagnosis and reactive aggression scores in the activation of clusters assigned to the right precentral and postcentral gyri, superior parietal, middle temporal areas, lingual gyrus, and the caudate nucleus at a significance level of p = 0.05. Activity was higher for high reactive aggression scores in the ADHD group and lower for low reactive aggression scores in healthy controls. Figure 1 shows the cluster of significant interaction, for further information see Table 2. There were no clusters showing an inverse effect.


[image: image]

FIGURE 1. Interaction of diagnosis with reactive aggression. Results from the interaction of reactive aggression and diagnosis at the maximum of the cluster in the precentral gyrus (slices x = 30 left, y = −10 middle, and z = 52 right), cluster extent corrected for p = 0.05.



TABLE 2. Interaction of diagnosis and reactive aggression.

[image: Table 2]



Reactive Aggression in the Attention-Deficit/Hyperactivity Disorder Group

The analysis of reactive aggression within the ADHD group showed significantly elevated activation levels of clusters including the precentral gyrus, cortical frontal and temporal areas, as well as subcortical structures such as the hippocampus. Furthermore two clusters within the right Amygdala [punc. < 0.001, xyz = (22, −8, −8) and punc. < 0.001 xyz = (28, −10, −1)] were activated, but did not exceed the threshold of 11 voxels each. The activity in all clusters was positively associated with higher reactive aggression scores. There was no significant effect of low reactive aggression, see Figure 2 and Table 3 for more information on the significant clusters.


[image: image]

FIGURE 2. High reactive aggression in ADHD. Results from the reactive aggression analysis in the ADHD group at the maximum of the cluster of 14 voxel in the hippocampus, highlighted by a black square in the left figure (slices x = 26 left, y = −22 middle, and z = −12 right), at a cluster extent correction of p = 0.05.



TABLE 3. Neural correlates of reactive aggression.
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Reactive Aggression in the Control Group

No positive relationship of reactive aggression with brain activity was found in the control group. However, we additionally investigated a potential inverse effect, e.g., negative associations of reactive aggression scores with the brain activity of healthy controls. We found a negative relationship of reactive aggression with the activity in a cluster in the left MTG, right superior parietal lobule as well as the right precentral and lingual gyri (Figure 3 and Table 3).


[image: image]

FIGURE 3. Low reactive aggression in the control group. Results from the reactive aggression analysis of the control group at the maximum of the cluster in the left middle temporal gyrus (slices x = −62 left, y = −60 middle, and z = −4 right), at a cluster extent correction of p = 0.05.





Post hoc Associations of Clinical Measures

The linear regression analysis of reactive aggression modeled by diagnostic group revealed a significant association of the factor diagnosis with reactive aggression scores (t = 4.50; p < 0.001, rstandardized = 0.34). Age was not associated with reactive aggression, but male gender was (t = −3.72; p = 0.004, rstandardized = −0.28). Table 4 summarizes the results of the regression analysis.


TABLE 4. Regression of reactive aggression.
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We furthermore found associations between reactive aggression scores and the number of hyperactivity/impulsivity symptoms as well as self-reported impairment in the domains of “relationships and families” as well as “self-image” in adulthood from the DIVA in the regression analysis of the DIVA subscales, see Table 5.


TABLE 5. Associations of clinical measures with reactive aggression.
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Additionally, the number of hyperactivity/impulsivity symptoms was correlated positively with the activity in two clusters associated with reactive aggression in the ADHD group; the more hyperactivity symptoms the adults with ADHD had, the more activation was seen in the right hippocampus (Spearman’s ρ = 0.29, p = 0.046) and the lingual gyrus (Spearman’s ρ = 0.31, p = 0.041). No correlations with neural activation in areas linked to reactive aggression were observed for inattention symptoms, see Figure 4.


[image: image]

FIGURE 4. Correlation of neural activity with symptoms. Correlation matrix of mean estimates in the significant clusters from the reactive aggression whole-brain analysis with expressions of the core symptoms (attention and hyperactivity). We are reporting Spearman’s correlation coefficient p (bottom scale) with a blue color for a positive and a red color for a negative correlation. Results were Bonferroni corrected.


The sensitivity analysis of medication effects yielded no significant medication effects, see the section Supplementary Analysis.




DISCUSSION

In this study, we aimed to identify neural correlates of reactive aggression, in adults with ADHD. To our knowledge, this is the first study to use a behavioral measure of reactive aggression as a marker of ED during implicit emotion regulation in adults with ADHD. We found areas of differential brain activity during emotion processing in the ADHD group in covariance with high reactive aggression to be localized in the limbic system and insula as well as in middle and superior frontal areas.


Reactive Aggression

In line with previous literature on reactive aggression in ADHD, our analysis of reactive aggression indicated significantly elevated levels of reactive aggression in adults with ADHD compared to the control group (32). Higher scores of reactive aggression were also associated with male sex, in congruence with literature on male reactive aggression and externalizing behavior (5, 10). Previous literature shows that increased reactive aggression often correlates with, or has predictive value for ADHD symptom severity (9), with closer developmental coupling with hyperactivity/impulsivity symptoms (42). Indeed, the association of reactive aggression with the subscales of the DIVA diagnostic instrument used in our study confirmed that symptoms of hyperactivity/impulsivity, but not inattention, were associated with reactive aggression. Interestingly, individuals reporting problems in relationships and/or family or with their self-image showed higher levels of reactive aggression, implying that impairments in the social life-domains could be particularly frequent in people with ADHD and high reactive aggression traits. This finding is in line with the literature on ED being an important predictor for the social, functional, and occupational outcome of ADHD (43, 44). Especially for the persistent phenotype of ADHD, ED such as reactive aggression is considered a constitutional component (45), showing most pronounced expression and associated impairments in adulthood (46). This clinical subgroup might thus be more vulnerable to social impairments and is particularly important to investigate further.



Functional Magnetic Resonance Imaging Task Activation

The fMRI whole-brain analysis of emotional faces revealed activation in the limbic system (associated with emotion processing and memory), the fusiform gyrus (associated with face processing), broad temporoparietal and frontal networks. These findings are in line with the original paradigm (38), which used this task to investigate manipulations of amygdala responsiveness, as well as a meta-analysis of implicit facial emotion processing (47). Notably, the attention distraction task withdrew attention from the emotional stimulus toward the red dot, to measure implicit ED. This might skew the findings toward the study of emotion hyperreactivity and underrepresent the contribution of impaired executive functioning to the production of emotionally dysregulated behavior in ADHD. Studies on explicit emotion regulation, report more commonly associated areas such as the anterior cingulate and dorsal and ventromedial prefrontal cortex (27), which might be more relevant for tasks without distraction from the emotional stimulus. However, we find evidence, that even in this implicit emotion regulation scenario, middle and superior frontal areas are engaged, suggesting that executive functioning plays a role for implicit emotion regulation as well.

We found no neural activation differences between adults with and without ADHD, irrespective of emotional valence, suggesting that implicit emotional reactivity is not altered in people with ADHD. While several fMRI studies in children with ADHD reported group differences in the activity and connectivity of the amygdala, the ventral striatum, and the OFC, these effects were often moderated by medical treatment and were not replicated in adult populations [for a review see Rubia (17)]. In the current study, post hoc analyses of medication effects on reactive aggression, symptoms, impairments and the neural correlates of reactive aggression revealed no significant associations (see section Supplementary Analyses).

However, sex seemed to influence emotion processing in the left orbitofrontral and superior frontal cortex. These areas are implicated in cognitive control processes, relevant for downregulation of emotional responses and might play a role for general sex differences in emotional reactions or aggression.



Neural Correlates of Reactive Aggression

While the neurocognitive architecture of emotion processing does not seem to be altered over the whole ADHD group compared to the controls, we expected the neurocognitive architecture to differ in adults with ADHD and co-occurring reactive aggression. Therefore, we investigated the association of reactive aggression with whole-brain activity in both diagnostic groups. We found a significant interaction between ADHD diagnosis and reactive aggression in areas such as the lingual gyrus, caudate, superior parietal, middle temporal, and premotor areas during processing of emotional faces, pointing toward differential neural correlates in adults with ADHD and reactive aggression compared to control subjects with reactive aggression.

When focusing the analysis on the ADHD group, activity in the right precentral, right lingual and left middle temporal gyri was particularly increased in people with ADHD if they had higher reactive aggression scores. Furthermore, small clusters within the right insula, the right limbic system (hippocampus and subthreshold parts of the amygdala) and middle and superior frontal areas were implicated in emotion processing in the ADHD group with high reactive aggression only.

The insula as well as the hippocampus and amygdala are associated with the reactivity and assignment of salience during emotion processing in ADHD (31, 48). Emotional reactivity in the amygdala might be influenced by the hippocampus, which controls emotional memory recalling and regulation, especially in positive contexts (49), and the insula, engaged in down-regulation and maintaining homeostasis during the experience of negative emotions (48, 50). Knowing that measures of structure and volume of the brain in these areas show alterations in children with ADHD, one could hypothesize that an altered neurodevelopment of these structures could influence the vulnerability of individuals with ADHD to develop reactive aggressive behavior: differential maturation might lead to higher liability to develop a hyperreactivity of the limbic system, which might suggest a more intense emotional sensation and higher sensitivity to emotional stimuli in subjects with ADHD.

Our results on altered activity of limbic structures and the insula during emotion processing are in line with previous findings in medication-naive individuals with ADHD (22, 51). These authors discuss medication might drive a normalization effect of differential amygdala response. Interestingly, in our sample medication was not associated with reactive aggression, brain activity or ADHD symptoms in adulthood, which suggests that for the persistent phenotype of ADHD in our sample, stimulant medication seemed to be inefficient to further improve symptoms significantly.

Interestingly, we observed higher activity in middle and superior frontal clusters in patients with high reactive aggression scores. This activation is associated with stronger cognitive control and might suggest more effortful top–down emotion regulation, a process frequently disturbed in ADHD (52), implying both subprocesses, emotional reactivity as well as top–down regulation are implied in reactive aggression in adult ADHD.

The activation of the left MTG as well as premotor areas was observed specifically in the ADHD group. The left MTG or temporo-parietal junction is often implicated in theory of mind abilities (53). This ability to understand other people’s beliefs and intentions might represent a protective mechanism for ED. The activity in the MTG could reflect higher efforts to retrieve intentions from the facial expressions in the ADHD group. Higher premotor activity could be related to more allocation of attention. Both could be cause or consequence of higher estimation of salience in the ADHD group with higher reactive aggression scores (e.g., hippocampus), which could trigger a deeper processing of the seemingly important emotional stimuli.

The healthy control group did not show any clusters associated with high reactive aggression, in coherence with the notably low levels of reactive aggression in this group. Interestingly, decreased activity in people in the control group with particularly low reactive aggression scores in some clusters that are implicated in the ADHD group as well suggest a protective function of these areas to develop reactive aggression (in particular the left MTG, precentral, and lingual gyri).



Associations of Clinical Measures

We found positive correlations between the expression of hyperactivity/impulsivity symptoms and the activity related to reactive aggression in the hippocampus as well as the lingual gyrus in individuals with ADHD. The more hyperactivity/impulsivity symptoms adults with ADHD showed, the more these areas were engaged during emotion processing in association with reactive aggression. This association of ADHD symptoms with brain activity related to reactive aggression could be an example of a deviant neurocognitive mechanism behind ED in ADHD where the brain mediates both, ED as well as ADHD symptoms. Inattentive symptoms or impairments were not significantly correlated with neural activities. These findings point toward a specific susceptibility of the hyperactive type of ADHD to exhibit ED such as reactive aggression, in line with findings on the close developmental coupling of hyperactive/impulsive symptoms with reactive aggression (42) and general association of the hyperactive subtype with ED and aggression (54).



Strengths and Weaknesses

All results need to be viewed in the context of the strengths and limitations of this study. Our sample sizes exceed most previous fMRI studies related to this topic in ADHD and is demographically well balanced.

However, task activation maps across all subjects did not show some areas classically associated with emotion regulation, such as the anterior cingulate, OFC, dlPFC, and vmPFC, or the amygdala (55), the latter only showing up as small subthreshold clusters. This was likely due to the implicit nature of our task. While emotion regulation paradigms mostly direct the participant’s attention toward the processing of an emotion or even ask for explicit emotion regulation (55), we employed an implicit paradigm in which the participant’s attention was not focused on the processing of emotional content and they were not asked to regulate their emotions, potentially affecting effect sizes and activity in areas relevant for top–down control. Notably, the clustersize of the reported results of the covariance of reactive aggression with ADHD is overall small, all described results should be carefully discussed as true findings. The small clustersizes might be related to the small effect sizes elicited from implicit emotion processing task in combination with an indirect measure of trait-reactive aggression as well as the vast heterogeneity in the ADHD population. Future studies with sufficient statistical power to address for expected small effect sizes that investigate subgroups within the spectrum of ADHD could elucidate this matter further. Furthermore, contrasting the emotional conditions to a fixation cross (implicit baseline) instead of neutral faces, as we did here, expectedly captured not only emotion processing but also general social cognition processes. For the investigation of adult ADHD and the association to ED, broader social processes, e.g., general face processing difficulties, might play a role as well. Notably, we included reactive aggression as a trait-behavioral measure of ED. The applied task is measuring emotion processing closer to everyday-life situations compared to explicit emotion regulation tasks. Importantly, the integration of trait behavioral reactive aggression as a reflection of very relevant real-life ED together with the activity during emotion processing is suitable to reveal which areas are relevant for emotionally dysregulated behavior and potentially highlight social cognition and emotional (sub)processes that are implicated in ED. However, the implementation of a task to elicit an emotional response, without attention distraction during fMRI could result in bigger effect sizes and a more precise delineation of the network of ED in ADHD. We furthermore recommend the implementation of a longitudinal design to study relevant brain networks for ED in ADHD, due to the close coupling of developmental trajectory of hyperactivity/impulsivity with the expression of ED.




CONCLUSION

In conclusion, these findings convey evidence for a differential emotion processing mechanism in subjects with ADHD and reactive aggression, with a specific liability of individuals with hyperactivity/impulsivity symptoms to experience these alterations. The brain regions related to this mechanism suggest difficulties with both emotional hyper-reactivity (as reflected in the insula and amygdala), and more effortful regulation of emotional responses (implicated by hippocampus and frontal activity) in the ADHD group with higher reactive aggression. This differential mechanism appears to be related to an altered neurocognitive brain architecture of ADHD and supports the diagnostic and clinical view of emotionally dysregulated ADHD as a subgroup in the spectrum of the disorder, as discussed by Shaw P et al. (3). In the light of these findings, future research may evaluate more targeted intervention for the emotionally dysregulated group, such as behavioral emotion regulation interventions and their effect on reactive aggressive behavior (56).
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Peer victimization is very common during late childhood and adolescence. Despite the relatively reduced number of studies, the neurobiological underpinnings of the negative impact of peer victimization experiences have received increasing attention in recent years. The present selective review summarizes the most recent available evidence and provides a general overview of the impact of peer victimization experiences on social processing and decision-making at the neurobiological level, highlighting the most pressing areas requiring further research. Three key cognitive areas show a clear negative impact of peer victimization and bullying experiences: social valuation processing, reward and reinforcement learning and self-regulation processes. Victims show enhanced activation in key regions of the limbic system including the amygdala, rostral and dorsal anterior cingulate cortices, suggestive of enhanced sensitivity to social stimuli. They also show enhanced recruitment of lateral prefrontal regions crucially involved in cognitive and emotional regulation processes, and abnormal reward-related striatal function. The presence of psychopathology is a complex factor, increased as a consequence of peer victimization, but that also constitutes vulnerability to such experiences.
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Introduction

For better and worse, social interactions play a large role in human development and well-being. Humans are social organisms by nature, requiring social contact for survival and reproduction. Human offspring rely on parental or other adult's care for survival for an extended period of time because their physical and cognitive development extends over decades. This allows the human species to develop complex behavior and thinking patterns, but also makes them highly dependent on the positive or negative influences of relevant others during key sensitive and vulnerable periods. Social interactions during early childhood are focused primarily on parents or caregivers, slowly shifting through late childhood and adolescence toward peers. This shift is accompanied by progressive maturation in neural systems supporting social processing (1, 2). Any adverse social experiences during these early phases of life can have cascade effects and substantially influence subsequent development. While the role of early adverse events such as parental abuse or neglect on neural development has been widely investigated for decades, the effects of acute and chronic peer victimization or bullying have more recently received much-needed attention as well (1) (Figure 1). Given the high prevalence and the pervasive, long-lasting impact, it is still surprising the relatively reduced number of publications focused on the neurobiological mechanisms of early experiences of peer victimization. However, the neural mechanisms of peer victimization experiences have received increasing attention in the last few years. It is therefore necessary to review what we now know and highlight the areas where more research is urgently needed. This article reviews the most recent evidence on the impact of peer victimization on brain function during social learning and decision-making and highlight the most pressing aspects for future research studies.


[image: Figure 1]
FIGURE 1
 Comparison of the number of publications on neural mechanisms of peer victimization. The figure shows the number of publications displayed in a search in pubmed with the words “Peer victimization” and “brain” relative to the number of publications on “Early Life Adversity” and “Brain”. Search data: 25 January 2022.


Peer victimization can take the form of relational victimization (social exclusion, rumor spreading) and/or physical victimization (bullying, punching). These two forms of victimization have been shown to be highly correlated, with polyvictimization, conceptualized as the simultaneous exposure to different types of abuse, being highly common (3). Peer victimization and bullying are frequent in late childhood and adolescence, with prevalence estimates between 35 and 49% (4, 5). Such high frequency does not imply it should be treated as a “harmless rite of passage”. On the contrary, similar to the negative and long-lasting impact of early experiences of neglect or abuse on life outcomes (6–10), there is now compelling evidence for pervasive adverse short- and long-term effects of peer victimization on physical and somatic symptoms, psychological health (increase rates of anxiety, depression and suicidality), inflammation markers, stress response, social relationships, academic and occupational achievements or cognitive function (11–19).

Recent studies have started to shed light on the neurobiological correlates of peer victimization experiences, showing that experiences of social rejection, exclusion or bullying may trigger enhanced activation on or connectivity in regions supporting valuation and salience processes. The most recent evidence suggests peer victimization enhances individual's sensitivity to social stimuli (20–25), which together with altered reward and reinforcement learning processing (20, 26–28) and the difficulties in emotion and behavioral regulation lead to the increased need to engage regulatory circuits in order to implement behavioral, cognitive and emotional adaptations (29–31), not always successfully. Given the key role of peer interactions in socio-emotional development during childhood and adolescence, this selective review focuses on the associations between early experiences of peer victimization and bullying and altered neurobiological function during social valuation, and social decision-making, summarizing the most recent findings. A summary of the main results of the above studies, which are reviewed here, can be seen in Table 1.


TABLE 1 Summary of main findings of studies on peer victimization combining brain imaging techniques and behavioral paradigms on social, emotional and cognitive control processes.
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Peer victimization is associated with enhanced sensitivity to social stimuli

Social interactions become crucial during late childhood and adolescence, evidenced by the sharp increase in the relevance and the time they spend with peers (41). Many studies have shown the significant influence of social agents during adolescence on decision-making or risk-taking tasks, both negative (increasing the likelihood of risky decisions) but also positive (they can also reduce the proportion of risky decisions made), which is applicable not only to peers (42–45) but also to relevant adults with whom adolescents maintain significant affective relationships (46, 47). At the neural developmental level, the enhanced sensitivity to social stimuli might be determined by the imbalanced development of the limbic system supporting emotion and incentive processing, relative to that of prefrontal regions supporting regulatory processes. Thus, neural maturation processes of the key regions supporting cognitive control, reward and social processing show a protracted trajectory starting in early childhood and continuing well into adulthood (48–56). The early development of the limbic system relative to the prefrontal cortex facilitates an enhanced individual sensitivity to incentives and emotional contexts (57, 58), thus increasing the risk of severe and long-lasting consequences when an insult occurs during crucial sensitive periods (59–61). Adolescence constitutes indeed the time when the imbalance on the neurodevelopmental trajectories of limbic systems involved in incentive and emotion processing, and prefrontal cognitive control systems is maximal (62–65). Furthermore, hormonal changes including those in crucial stress response systems, Hypothalamus-Pituitary-Adrenal axis (HPA axis) and the Hypothalamus-Pituitary-Gonadal axis (HPG axis), have their peak during this developmental stage (66), thus contributing to the onset or exacerbation of many psychopathological disorders (67). Hence, adolescence is a developmental period where individuals are highly sensitive to social stimuli. This enhanced sensitivity to social stimuli from peers may however play an adaptive role, facilitating the progressive independence of biologically mature individuals from protective parental environments (62), increasing their environmental exploration. It is therefore expected that social stimuli engage brain regions involved in processing of saliency.

The key regions processing salience include both the prefrontal cortex and limbic brain regions. The medial prefrontal cortex (mPFC) plays a key role as part of the neural networks supporting the modulation of amygdala responses to emotional stimuli, thus contributing to emotion regulation processes (68). The key sensitive period for the development of the structure and functional connectivity between amygdala and mPFC lays between late childhood and early adolescence (69, 70). Therefore, disturbances on this developmental phase might result in persistent disruption of emotion regulation skills or emotional reactivity to events. Together with the increased stress-reactivity observed during this phase (71), it would significantly impair their ability to successfully cope with peer victimization situations. Increased stress-induced HPA response in the adolescent brain might affect regions known to be stress-sensitive and that are still under development, in particular amygdala, prefrontal cortex or hippocampus, making the adolescent brain highly sensitive to these stressful situations (72). In support of this suggestion, recent evidence has shown that cortisol response in adolescents mediated the association between cyberbullying and perceived stress (73), as well as the association between early victimization experiences, subsequent abnormal cortisol response and reduced area in prefrontal cortex (74).

Indeed, because of this already heightened sensitivity, experiences of peer victimization and bullying may lead to pervasive, deleterious consequences. Theories like the Sociometer Theory (75) or the Need to Belong (76) postulate the existence of internal monitoring systems that interpret environmental signals of acceptance or rejection during social interactions with peers. These signals provide the individual a sense of belonging and the relational value with respect to the group. This need to belong is already present in very young children (77), with emotional, cognitive and behavioral detrimental effects (such as emotional distress; symptoms of depression, anxiety or irritability; hypervigilance for social cues or persistence/tolerance of abusive behaviors) when not fulfilled (76). Individuals would therefore be innately inclined to establish a number of interpersonal relationships that would need to have a positive, stable and significant character. Consequently, social deprivation becomes a punishment and positive social contact a reinforcer (76). Experiences of peer victimization and bullying during adolescence can trigger the need to belong to a group, which is not satisfied and enhances the social monitoring system (including regions typically processing social salience, mentalization or affective processing) (24). This might suggest increased sensitivity and hypermonitoring of social signals, with the goal to identify potential avenues to recover the homeostatic state where those needs are met, increasing behavior that has the potential outcome of being accepted by the group.

Preliminary evidence supporting this suggestion comes from a recent study using a minimal group approach (24). In this case, participants were included in a group and shown pictures that could be (1) pictures of other members of the same group (in-group), (2) pictures from participants who are in a separate group (out-group) or (3) pictures of participants who have not been assigned to any group (neutral). After establishing the minimal group, female adolescents (aged 14–16) who suffered severe long-term victimization performed a social evaluation task inside the scanner, where they were asked to indicate to each of the facial stimuli simply whether they liked them or not. Afterwards, they were presented with images of new faces together with faces used in the establishment of the minimal group, and they had to indicate whether they had already seen that face or not. Victimized girls showed enhanced activation in regions supporting social monitoring processes including the amygdala, ventral striatum (vStr), fusiform gyrus and temporo-parietal junction (TPJ) during assessments of in-group vs. out-group pictures. The higher social sensitivity is suggested by the association between imaging and behavioral results, as activation in amygdala and vStr was associated with implicit behavior bias toward the in-group, with increased reaction time (RT) and memory to in-group pictures. These results would support hypothesis of enhanced sensitivity to social stimuli after experiences of peer victimization, results that are further strengthened by reported increases of cortical thickness in the fusiform gyrus of victims of bullying relative to non-victims (78). Thus, the structural and functional abnormalities in this key area might indicate enhanced sensitivity to facial expressions.

Other studies have utilized paradigms assessing facial emotion processing to investigate a potential enhanced sensitization to social stimuli after experiences of victimization. Such a task was used to investigate brain function in female adolescents victims of interpersonal abuse (aged 11–17), where participants were presented with neutral or fearful faces and they had to press for the gender of the face (20). The study found increased activation in the dorsal anterior cingulate gyrus (dACC) and the anterior insula during processing of fearful expressions in those participants who had a high exposure to victimization relative to those with low or no exposure to victimization experiences (20).

One of the most commonly used tasks to assess neural and behavioral responses to social exclusion is the Cyberball task (79). In that task, participants are typically induced to play an interactive ball-tossing game with 2 other players (real or pre-programmed). They usually play two rounds, one where they are included in the game and receive the ball about 1/3 of the trials, and a second round where they are ostensibly left out of the game by the other two players. By contrasting the inclusion vs. exclusion blocks the paradigm aims to investigate social exclusion.

Several recent studies have investigated the neural correlates of social rejection in victimized adolescents. Thus, victimized adolescents (14–17 years of age) whose status had been assessed longitudinally over the previous 7 years showed enhanced activation compared to non-victimized peers in the dACC, amygdala, and fusiform gyrus in the exclusion > inclusion comparison (22). In another study in a slightly younger sample (aged 12–15) participants had been assessed once a year on their social status in the classroom between the ages of 6 and 12 (25). The version of the task used allows for the comparison not only of exclusion vs. inclusion rounds, but also investigated the incidental exclusion events (inclusion: no ball vs. inclusion: receive ball). Despite their comparable levels of stress reported after social exclusion, participants who had experienced chronic rejection showed enhanced activation relative to those without such experiences in dACC during exclusion relative to inclusion rounds, as well as increased activation in dACC and anterior prefrontal cortex (PFC) during incidental exclusions (25).

Another cross-sectional study used the Cyberball task to investigate behavioral and neural responses to social exclusion as a function of the popularity and acceptance status of both participant and interacting partner (21). The authors differentiate between individuals who are accepted (i.e., whether they were liked or not in the classroom, rated by classroom peers) and popular (i.e., popularity rates, not necessarily the most liked in the classroom group). Thus, typically developing adolescents (12–16 years old) played a version of Cyberball in which both themselves and the opponents could be high or average accepted and high or average popular. Most prominently, exclusion enhanced activation relative to inclusion conditions in the dACC and the ventrolateral prefrontal cortex (vlPFC). Participants who were themselves more accepted showed enhanced activation in the dACC during exclusion (vs inclusion:no ball) condition. Participants' own popularity was positively associated with increased activation in vStr and medial prefrontal cortex (mPFC) when they were excluded by highly popular but not by average-popular virtual players (21). This contrasts with the results from the Will et al. study (25), where the enhanced activation in dACC during exclusion trials was observed in chronically rejected adolescents rather than in those without relevant rejection experiences. However, these studies differ in two key elements. One is that while Will et al. include chronically rejected adolescents, participants in the de Water et al. study included a community sample of students who were high or average accepted/popular. In addition, this study required the knowledge about the social status of the opponent to be integrated in relation to one's own. In the case of highly accepted participants, this might have led to conflict detection, to be potentially resolved by the increased engagement of the dACC. Finally, it must be noted the difference in the contrast used, as Will et al. used the Exclusion>Inclusion Ball contrast whereas De Water et al. used the Exclusion > Inclusion No Ball contrast. This is an important differentiation that they include given that participants who are highly popular may show some antisocial behaviors.

The impact of experiences of bullying and peer victimization on neural responses to social rejection has also been investigated combining perfusion brain imaging methods and the Cyberball paradigm (35). Previous experiences of bullying were associated with increased perfusion in key regions for social pain processing including the subgenual anterior cingulate cortex (sgACC) and left inferior frontal cortex (IFC). Furthermore, the authors observed a positive association between perfusion in the left IFC and self-reported feelings of rejection. Thus, the evidence from this study provides further support to the hypothesis that experiences of bullying and peer victimization enhance sensitivity of social pain/social processing systems, potentially related to increased mentalizing and rumination processes that increase individual sensitivity to signals of social exclusion (35).

Not only altered regional activation has been described, but also abnormal functional connectivity. Thus, recent studies have shown that adolescent girls (14–16 years of age) exposed to high peer victimization had to either passively observe emotional faces, or choose one of the two words to label the emotion shown by the facial stimulus. The victimized group had stronger positive connectivity between right vlPFC and amygdala (indicative of worse emotion regulation abilities) in those cases with high sensitivity to social rejection (39). Similarly, altered functional connectivity was recently reported in a study using the Cyberball (across all exclusion and inclusion conditions) (36). Reduced connectivity between left amygdala and right insula as well as between left amygdala and ACC was observed in peer victimized adolescents relative to non-victimized peers (36). This raises the possibility that peer victimization may have disrupted the maturational process by which the mPFC downregulates amygdala activation when facing emotional stimuli (80–82).

The evidence also suggests that altered brain function is not only present in victims but also in those perpetrating bullying behaviors. In a recent study, a community sample of boys (aged 12–15) performed a face matching task inside the scanner and provided additional self-report measures on bullying and victimization behaviors (40). While high self-reported victimization was associated with high amygdala activation to both angry and fearful faces, bullying behaviors were associated with heightened amygdala response to angry faces and reduced response to fearful faces. In addition, increased activation in the genual ACC to fearful faces was associated with less bullying behaviors.

Similarly, Perino et al. (38) conducted a study in which adolescents with conduct problems (aged 13–18) watched a passive version of the Cyberball where others were excluded (bullied) or included during the game. Self-rated bullying behaviors were positively correlated with differences in activation in the mPFC, insula, vStr and amygdala when watching exclusion relative to inclusion rounds. While the authors interpreted these results as indicating that bullying is associated with neural activation during situations where social hierarchy cues are salient, these results could also be indicative of enhanced salience of emotionally relevant stimuli. In line with this, another study showed that enhanced activation during social exclusion blocks in the Cyberball task is associated with the presence of subsequent problematic behaviors (23). Thus, increased activation in the sgACC during exclusion compared to inclusion blocks was shown to mediate the association between past experiences of hostile school environment (experienced between 1 and 3 years before the scanning session) and subsequent social deviant behavior, measured 6 months after scanning session and defined as the presence of externalizing behaviors and affiliation with deviant peers (23). However, it is important to note that the presence of relevant family support modulated this effect, mitigating the impact of the hostile school environment (23).

In summary, the most recent evidence suggests that individuals who had been exposed to peer victimization or bullying might show hypervigilance or enhanced sensitivity to social stimuli and social valuation. This could be related to their need to belong to social groups, and enhance activation in salience networks including the sgACC, dACC, anterior insula, dorsomedial prefrontal cortex or amygdala, triggering potentially distressing emotional responses and increasing their risk to psychopathology.



Altered reinforcement learning and reward processing

An additional potential mechanism linked to the behavioral consequences of peer victimization is altered reinforcement learning and reward responses. The study from Cisler et al. (20) using reinforcement learning models provides interesting evidence supporting this hypothesis. They used an interpersonal trust game and a non-social three-armed bandit control task to investigate brain function in female adolescents victims of interpersonal abuse and how brain activity patterns might be associated with the persistence of PTSD symptoms (20). Participants (aged 11–17) had to choose one out of three people in whom to invest 10$, and they would receive either 20$ or 0$ in return from the investee. The non-social version of the game used pictures of three houses instead of human faces, and winning 20$ vs. 0$ was dependent on whether the door would open or not. This study found that compared to non-victimized adolescents, increased exposure to victimization was associated with increased activation in the dACC, insula as well as with reduced activation during those trials where the expected reward was not delivered (negative prediction errors) (20). This effect was observed both for social and non-social incentives, albeit with slightly stronger effect in the social context (20). Thus, victimized adolescents showed increased activation in key regions processing salience including the dACC, insula and amygdala during facial emotion processing, whereas during negative prediction errors these areas showed underactivation compared to healthy control individuals (20).

Similarly, using event related potentials (ERP), it has been shown that peer victimization in late adolescents (aged 16–20) was associated to blunted reward responses to monetary reward, but even more so to social rewards (28). Moreover, a recent EEG study in healthy young adults (18–25 years of age) showed the association between blunted reward response during feedback in a forced-choice task that was associated with self-reported relational victimization but not with physical victimization (26). Although not including brain imaging, it is worth mentioning the study from Lenow et al. (27). The authors used computational modeling analysis and a modified version of a trust game. In their study, female adolescents (12–16 years old) victim of early life interpersonal violence had to decide which of the 3 potential faces was most trustworthy (27). Not only did victimized girls had a lower learning rate than those in the control group, but learning rate was shown to interact with preference stochasticity, by which girls with higher learning rate also had higher stochasticity rates. Thus, victimized individuals might update the assigned reward value based in the most recent history, ignoring previous potentially contradictory evidence which might lead to situations where they are highly vulnerable. In addition, these results indicate random changes in their trustworthiness preferences which, while adaptive in highly volatile environments, might be suboptimal in more realistic, stable environments (27). These results are in line with recent evidence on adolescents with a history of maltreatment during an associative learning task (83), with initial beliefs of reward being more volatile and random, and reduced ability to learn about the reward pattern and to use the information about rewards adequately (83). While such reward beliefs could be adaptive in households with high volatility, they might in turn lead to behavioral difficulties. This study furthermore showed that problems in associative learning might partially account for the link between early adversity and behavioral problems.

Thus, victimized adolescents might show abnormal reward and punishment processing which might interfere with their ability to make decisions, both in the presence of monetary incentives but also on social contexts. Individuals subject to victimization and bullying experiences might therefore show reduced ability to learn from feedback, being less able to anticipate the consequences of their actions (for example, rewards or losses in a lab-based paradigm). In addition, they might experience stronger emotional reaction to losses/rewards, even at the time of the cue, leading to suboptimal decisions. Taken together, these results have interesting implications that might also provide some preliminary insight on the mechanisms by which victimization occurs and perpetuates. Their difficulties to learn from the previous reward history (27), and their blunted neural response in anticipation or response to reward (26, 28) or to the absence of reward when this is expected (20) might lead to behavioral adaptations increasing the individual vulnerability to internalizing symptoms like depression or anxiety, or perpetuating abusive or toxic relationships.



Peer victimization is associated with an increased need to recruit regulatory systems

The influence of emotions on social decision making processes is well established (84, 85). The enhanced sensitivity to social stimuli observed in adolescents who have experienced peer victimization might interfere with the implementation of self-regulation, controlled processes required when facing relevant social situations.

Studies investigating differences in impulsive and risky behavior have provided some support to this respect. Telzer et al. (31) investigated the association between previous experiences of victimization in female adolescents and subsequent impulsive, risky behavior. Participants (aged 14–18) performed a simulation driving task, where at the road crossings they saw a yellow traffic light and could make a risky decision and try to cross before the light went red or make a safe decision and stop. They played the task before and after a classic Cyberball game, the second time inside the scanner. While the two groups did not differ in their initial task performance, the group of chronically victimized girls showed higher proportion of risky decisions after the exclusion experience in the Cyberball. Furthermore, they had higher activation of cognitive control regions during “safe” choices (vlPFC and dorsolateral prefrontal cortex - dlPFC-) interpreted as a result of the need to make stronger effort to implement control over their behavior. During risky decisions on the other hand there was increased recruitment of affective sensitivity (amygdala, vStr and orbitofrontal cortex) and social cognition (superior temporal sulcus -STS- and TPJ) regions, which in addition were associated with aggressive behaviors in everyday life. The authors suggest that would be interpreted as taking risk behaviors to satisfy the need to belong, as a way to get peers acceptance. A recent study investigated the association between exposure to violence in adolescence (lifetime and in the last year) and brain activation and performance during a modified version of a basic motor response inhibition task, the Go/NoGo task (29). Adolescents (9–14 years old) showed that increased exposure to violence (both types) was associated with reduced activation in key regions of inhibitory function network, including the dACC or the mPFC, which in the case of violence during last year also included superior parietal regions. Furthermore, the reduced activation in the dACC and posterior parietal areas was associated with progressive performance deterioration, with latency increasing with time on task. Hence, the authors suggest that exposure to violence affects basic self-regulation function. Similarly, a study in adolescents (15–17 years old) exposed to peer and parental verbal abuse showed that during the performance of an emotional Stroop task that included swearing words, there was enhanced activation during their swearing>neutral condition in the left vlPFC and enhanced functional connectivity between left vlPFC-hippocampus, which might be interpreted as a need to implement higher cognitive control due to the enhanced sensitivity to the aversive stimuli (30).

Some recent evidence suggests that the enhanced sensitivity to social stimuli may trigger the additional recruitment of key regulatory regions, such as the dlPFC to implement self-regulation processes. Different studies have shown that activation in this region varies in children and adolescents during social exclusion situations as a function of their previous experiences with school peers. Thus, a longitudinal study assessed whether primary school children (aged 8–12) were high- or low-preferred over 3 years prior to performing the Cyberball task in the scanner. Despite the lack of between-group differences in their reported distress after exclusion experiences, boys who were low relative to highly preferred showed increased activation in bilateral dlPFC and right supramarginal gyrus during exclusion (relative to inclusion:others) contrast (32). The authors suggest their finding of enhanced activation in the supramarginal gyrus could be associated with the reported involvement in this region in internal blame attribution (86). This would link with the idea that adolescents lack the adult cognitive biases to protect their self-esteem after experiences of social rejection, thus blaming themselves after such exclusion processes. Such interpretation is also consistent with the suggestion of enhanced recruitment of dlPFC regions being required to implement emotion or behavioral regulation processes. This is also in line with evidence from typically developing populations showing the role of the dlPFC to regulate emotions and aggressive responses after socio-emotional feedback (87, 88). Indeed, longitudinal increases in activation of the dlPFC have been associated with a reduction in aggressive behaviors especially after receiving negative social feedback (87, 88). Therefore, recent available evidence supports the role of the dlPFC as key to self-regulate responses after social exclusion experiences both in typically developing (87, 88) and vulnerable children (32).

A recent study used the Social Evaluation Paradigm (33), where adolescents were presented with pictures of same-aged peers and had to indicate (a) how they liked each of them and (b) how they anticipated each of those peers would rate (i.e., like) the participant back. Neural responses to the subset of pictures rated positively (i.e., liked) by the participants in (a) and where a positive evaluation was anticipated (i.e., the participant anticipated that peer would also like him/her back, high relational value), were compared to those that were positively rated in (a) but negatively in part (b) that is, the participant liked the peer but anticipated that peer would not like him back (low relational value) (33). There was a significant positive association between the number of trials with low perceived relational value and levels of self-reported experiences of peer victimization, as well as an association between peer victimization experiences and reduced functional connectivity in the contrast of low>high relational value between the VStr-bilateral IFC, mPFC and right putamen, together with increased functional connectivity between VStr-left inferior occipital cortex (33). Comparable effects were observed in a smaller sample of females with higher levels of peer victimization. As suggested by the authors, the altered connectivity patterns might be signaling an increased need to implement self-regulation processes, given the role of the IFC to downregulate striatal responses to appetitive/salient stimuli (33).

Another study provides further evidence on the additional recruitment of self-regulation regions required in chronically victimized adolescents (89). Participants (12–15 years old) experienced first the exclusion and inclusion phases of the Cyberball, to next perform a Dictator game, where they have to decide how to split some monetary units with those individuals who had previously accepted or rejected them during the Cyberball. This provided participants with the opportunity to retaliate and punish those who previously rejected them. Behaviorally, victimized and non-victimized participants did not differ on their unequal choice distribution for excluders. They also did not differ on brain regions engaged during punishment of excluders. However, during trials where they chose not to punish those who previously excluded them (compared to choices not to punish those who included them), chronically rejected individuals show enhanced recruitment of the lateral PFC and caudate, which highlights the need to recruit additional control regions to successfully implement self-regulation. In addition, positive associations between activation in this contrast in the anterior insula and dACC and parent-reported behavioral regulation problems were observed across all participants.

To sum up, individuals exposed to victimization experiences may need to engage behavioral and emotional self-regulation networks to a larger extent than non-victimized individuals in order to reduce the emotional distress or the aggressive reactions triggered by the increased sensitivity to social stimuli. However, whether this can be considered as part of a potential resilience mechanism would need further research. It could be that those individuals who are not able to additionally engage self-regulation regions cannot refrain aggressive behaviors, thus becoming bully-victims. Given the scarce evidence on the topic and the instability in the trajectories of individuals in a bully-victim role (90), only longitudinal brain imaging studies can clarify this aspect.



Association with psychopathology: Vulnerability and modulating factors

The increased risk for internalizing and externalizing disorders subsequent to experiences of peer victimization has long been highlighted (3, 91–93). While both relational and physical victimization have been associated with increased externalizing problems, individuals subject to physical victimization typically show increased aggressive behaviors, whereas victims of relational victimization more often develop internalizing problems (3). Despite the idea that physical victimization might lead to more aggression [according to the “cycle of violence” theory (94)] and that relational or emotional victimization is more strongly associated with internalizing symptoms, a recent study shows this is not the case, with every type of victimization being similarly associated with general psychopathology and invariant of gender (95).

Recent studies have provided evidence on how changes in brain morphology may mediate the association between peer victimization and psychopathology. Thus, experiences of peer victimization have been associated with reduced volumes in the medial orbitofrontal cortex both in adolescents at high risk of psychosis and healthy participants (96), with structural abnormalities in the striatum which mediated the presence of generalized anxiety symptoms (97) and with volumetric changes in the nucleus accumbens mediating the increase in symptoms of depression during adolescence (98). Similarly, adults with symptoms of depression and history of bullying between 13 and 17 years of age showed altered white matter integrity, with increased fractional anisotropy measures in the superior corona radiata, which are hypothesized to be subsequent to hyperactivation in the fear network (99).

Some of the studies reviewed provide further evidence to help improve our knowledge of the mechanisms underlying such mediating role and report associations between altered function in key brain regions and psychopathological symptoms, internalizing in most of the cases. Thus, enhanced activation in salience and social processing regions in victimized adolescents (vs. non-victimized peers) during exclusion (vs. inclusion) conditions in the Cyberball task (dACC, sgACC and anterior insula) was significantly associated with increased internalizing symptoms (across all participants) (22). During a social valuation task, victimized girls showed enhanced activation in social monitoring networks including the amygdala, vStr, fusiform gyrus and TPJ during assessments of in-group vs. out-group pictures, activation that was inversely associated to self-esteem across schools years, and positively associated with internalizing and externalizing symptoms 9 months later (24). Thus, higher social sensitivity and need to belong increased vulnerability to subsequent psychopathology. In addition to alterations in local activity, positive functional connectivity between mPFC and amygdala was significantly associated with depressive symptoms (36). However, the authors report a reduced functional connectivity across both inclusion and exclusion blocks of the Cyberball task was observed between the left amygdala and the ACC. This raises the possibility that peer victimization may have disrupted the maturational process by which the mPFC downregulates amygdala activation when facing emotional stimuli (80–82). On the other hand, in the study from Lee et al. (30) the increased recruitment of vlPFC and enhanced vlPFC-hippocampus connectivity was associated with less severe anxiety and depression symptomatology, which they interpreted as a reduced impact at the psychopathological level in those able to implement stronger self-regulatory processes. However, there is also evidence of a lack of association between differences in brain activation and psychopathology, as it is the case of the study from Cisler et al. (20). In addition, the experience of peer victimization has been shown to mediate the association between enhanced activation in the anterior amygdala and suicidal ideation in adolescents with depression symptoms (37). Thus, peer victimization might not only be linked to negative mental health outcomes but also worse their severity or adverse consequences for individuals with mental health symptomatology.

It is important to note here the key mediator role that the coping strategies implemented by victimized adolescents might play. Thus, the association between activation in the dACC and sgACC and internalizing symptoms were partially mediated by avoidance strategies in victimized youth, whereas the association between insula activation and symptoms was significant overall and did not differ between the two groups (22). These findings are indeed in line with recent evidence on children who experienced early adverse threatening events, whose increased internalizing symptoms observed at adolescence were mediated by the use of avoidance strategies (100). Hence, these adverse, threatening social experiences might have sensitized neural systems processing social signals and increased the risk for internalizing psychopathology in those individuals who use maladaptive coping strategies.

While studies have mostly focused on the association between experiences of peer victimization and subsequent depression or anxiety symptoms, it is important to note that pre-existent psychopathology or symptoms might lead to increased risk for further victimization (91, 93). Similarly, the most recent studies show how other aspects such as increased sensitivity to social rejection or wariness that have also been typically associated as consequences of peer victimization experiences can indeed constitute significant vulnerability factors. A recent study used the virtual school paradigm to investigate wariness as a potential vulnerability factor by which exposure to peer victimization might contribute to abnormal neural function (34). In this paradigm, participants receive positive, negative or neutral feedback from a virtual peer with a reputation of being “mean”, “nice” or “unpredictable”. The results show that in highly victimized children, wariness rated by the parents between ages 2 and 7 was associated with higher amygdala activation during unpredictable positive peer evaluation when they were 11 years old, which was associated with concurrent social anxiety (34). Thus, wariness in early childhood might constitute a vulnerability factor to subsequent social anxiety when faced with social stress situations. Similarly, adolescents girls exposed to high peer victimization showed stronger positive connectivity between right vlPFC and amygdala (indicative of worse emotion regulation abilities) only in those cases with high sensitivity to social rejection (contrast: facial emotion labeling vs. passive watching) (39). While the mediating role of high rejection sensitivity was detrimental in those cases who were exposed to high peer victimization, exposure high rejection sensitivity was associated to better emotion regulation (increased negative functional connectivity between amygdala and rVLPFC) in cases with low peer victimization. These results would suggest that individual differences might be protective or risk factors as a function of the environmental experiences of the individual.

Not only the presence of previous psychopathology has been shown as an additional factor of vulnerability to victimization (34, 91, 101). A similar role has been proposed for cognitive function. Thus, it has been recently suggested that the presence of cognitive deficits could be conceptualized as potential pre-existent risk factors, which could in addition complicate intervention response (102). Also deficits in response inhibition have been hypothesized as a potential vulnerability factor by which children who suffer peer victimization might display later bullying behaviors (103), and executive function measures have been suggested to moderate the association between early victimization and subsequent aggressive behaviors (104). Therefore, community studies would be helpful in order to clarify when and how this enhanced sensitivity to social stimuli and social rejection appear, as well as the altered reinforcement learning. We would be able to detect vulnerable individuals early in time, which might help to provide them with the potential support or tools to better navigate their social environments at a sensitive developmental phase. School based intervention programs on social skills could be feasible cost-effective possibilities to address this.

On the other hand, the previous experience with supportive others (family, friends) might serve a protective function, mitigating the deleterious impact of peer victimization experiences (23, 105–107). Recent evidence has also shown that the association between cyberbullying and well-being in adolescence might be influenced by the level of social connectedness (108). One potential hypothesis is that previous experiences with supportive social networks might provide some sense of belonging, fulfilling this need to some extent. It might also serve as scaffolding for the development of potential defensive cognitive biases, similar to those observed in adults. Thus, the discrepancy between the negative information received by the peer rejection and the image of the self is resolved in adults by cognitive biases such as externalizing the negative feedback received or updating their opinions of the peers after their rejection (109–111). These strategies allow them to protect their self-view after experiences of peer rejection, helping reduce or minimize their negative impact, severity or duration. Such strategies are not yet in place in children and adolescents, as they show a tendency to internalize the ground for peer rejection when that happens and to maintain their views of peers after these have rejected them (110). Some preliminary evidence suggests the right supramarginal gyrus as enhanced in adolescents who experience social rejection (32), region that has been suggested to be involved in internal blame attribution. Intriguingly, recent evidence using social networks analyses in combination with structural brain imaging has shown a higher degree of similarity in brain morphology of adolescents who are close friends than in unrelated distant friends (112). Thus, studies investigating the potential role of peer support in the mitigation of the adverse impact of experiences of peer victimization at the neural level would be needed.

There are some potentially relevant factors that are however typically not reported and should be considered in light of recent available evidence, such as race or cultural background of the community, which may influence the neurodevelopment of the social monitoring system and in turn contribute to the increased vulnerability to negative peer interactions. An interesting study has shown that persistent experiences of social discrimination also have long term consequences that affect social behaviors differently depending on race (113). White and Black South Africans who had experienced the Apartheid were exposed to clips depicting victims (forgiving/unforgiving) and perpetrators (apologetic/unapologetic) of apartheid crimes. While previous experiences of social adversity were associated with reduced compassion across participants, social discrimination had differential effects on neural activation, potentially due to the fact of different types of social discrimination experienced. Thus, Black participants experienced social discrimination due to race reasons and this was associated with increased activation in social saliency and pain processing networks, whereas White participants who experienced social discrimination mostly due to income level, weight or gender reasons showed undifferentiated amygdala activation. This suggests that not only race but also the structural and cultural differences of the societies leave their imprint at the neural level, at least partially shaping the processing of social stimuli and therefore determining socio-emotional development. While these structural differences at societal level are difficult to tackle, increased awareness of their impact should help improve our understanding on how the social context of the individual determines his socio-emotional development, potentially increasing their vulnerability to peer victimization or bullying experiences.



Conclusions

The most recent evidence on the neurobiological correlates of the social and emotional impact of peer victimization and bullying experiences suggests that these experiences increase an already sharpened individual sensitivity to social exclusion or rejection, enhancing neural responses to social stimuli and social valuation processes. This enhanced neural response to social stimuli might require the additional recruitment of self-regulation networks in order to successfully implement controlled responses to emotions and behaviors, which might in turn contribute to the development of deviant behavioral adaptations and psychopathology. In addition, altered reward and reinforcement learning processes may contribute to the unsuccessful behavioral adaptation and perpetuate the display of inadequate behaviors.

The studies reviewed here provide some insights on the potential mechanisms by which peer victimization negatively impact socio-emotional development. While the presence of some factors like familiar or peer support might mitigate these negative effects, the presence of risk factors such as pre-existent psychopathology or enhanced sensitivity to rejection may increase their vulnerability to further abuse or victimization. However, the role of other factors such as age, gender, frequency and intensity of the peer victimization event(s), previous positive and negative social experiences or the presence of potential school support which are likely to moderate the consequences of victimization has yet to be investigated.

One key aspect to consider is the cross-sectional character of the brain imaging data here reported. While a significant strength of some of the studies reviewed includes some longitudinal report on victimization levels, with varied sources of information and not restricted to self-informant (22–25, 28, 31, 32, 34, 39, 89), the imaging data has typically a cross-sectional nature. It is therefore not possible neither to unequivocally disentangle the factors driving the association between experiences of peer victimization and the reported altered brain structure, function or connectivity, nor to exclude that just as it happens with psychopathology, the pre-existence of abnormal brain structure or function might constitute a potential risk factor that increases the likelihood of becoming subject to peer victimization. Studies where negative peer experiences are assessed retrospectively have the associated risk of potential recall bias in terms of the timing, frequency and severity of the recalled event, and therefore may not accurately identify the potential impact at different stages of brain development, where sensitive periods might confer differential risks. However, it is only by collecting brain imaging data in parallel that we may identify the relative contribution of these experiences and the identification of factors that may contribute to individual's vulnerability and resilience. Only by conducting longitudinal, population-based studies can we improve our knowledge on these areas.

Particularly interesting are the findings on impaired reinforcement learning and reward processing. Conducting further research in this area has the potential to improve our understanding on the mechanisms by which these negative early experiences can increase the risk for psychopathology, especially internalizing symptoms, and to perpetuate behaviors that expose the individuals to further victimization. Thus, future studies should better delineate the extend and variability of these difficulties and the potential benefits of different interventions. These could focus on generating alternative behavioral patterns and identifying potential cognitive distortions, using behavioral management or problem-solving techniques.

The specific characteristics of the experience may also differentially impact on brain systems. Models investigating the impact of early experiences on development have taken different approaches. While some have considered that adverse experiences might have a cumulative effect (114), such consideration would assume a comparable impact of the different events due to similar dysregulation on the stress-response system. Other models have suggested that the type of event experienced would influence the individual's stress response leading to different behavioral and clinical presentations (115). Dimensional models propose the differential impact of early adverse events as a function of the type of experience, differentiating between neglect/deprivation and abuse/threat (10, 116, 117). While it might wise to assume that these models could also be applicable to experiences of peer victimization, the reviewed evidence is not unequivocal in this respect and further research is required to test whether and how such models would apply depending on the type of experience.

Two areas of research are promising fields that might help to improve our understanding on the neural mechanisms of peer victimization in adolescence. The first one is the use of connectomics. This method uses graph theory to help quantify, visualize and improve our understanding of brain network organization, especially in terms of the whole-brain integration of structural and functional connectivity at the system level (118). It conceives of the brain as a network [the ‘connectome', (119)], composed by a set of nodes (brain regions) linked by edges (axonal projections) (120, 121). The term “developmental miswiring” has been coined to refer to the disruption of normative development, which might increase individual vulnerability to neuropsychiatric disorders (122). While there is some preliminary evidence on how network reconfiguration might modulate resilience or susceptibility to psychopathology (123), studies specifically addressing the impact of peer victimization on neural networks might significant contribute to improve our understanding on vulnerability and resilience processes. In addition, the use of graph theory methods constitutes a promising avenue to implement social network analyses (112). Such studies have the potential to improve our understanding on the mechanisms by which social, family or peer support might contribute to protect or mitigate the adverse effects of peer victimization experiences. However, the available evidece to date has a cross-sectional nature and therefore further evidence including longitudinal studies is currently required.

It is finally important to mention that assessing the impact of victimization, bullying or social exclusion/rejection processes in adolescence in the scanner necessarily implies a virtual interaction. Although this might on one hand reduce the generalization of the findings into real life situations, we have to consider how much media use, and especially in situations like the current COVID pandemic might influence the way adolescents relate and present to others using social media (124). An increased online contact, which is difficult to control together with the developmental need of high social contact with peers increases the risk of been cyberbullied. Thus, it is important to highlight the need to further investigate cyberbullying and the mechanisms underlying it adverse consequences (125). It therefore constitutes a relevant aspect to be further studied, given that social media use involves key processes that are still under development during childhood and adolescence including reward and emotion-based processing, emotion regulation or mentalizing. Improved knowledge of the medium and long-term impact on these processes might be crucial to investigate well-being and to identify vulnerable individuals and provide measures to protect them from the potential negative consequences (124).

This selective review has focused on the neural and cognitive mechanisms by which social interactions and socio-emotional development may be affected after peer victimization and bullying experiences. However, it cannot be overlooked that other consequences are also commonly observed such as altered inflammatory and immune responses or somatic symptoms, to mention some. In conclusion, the most recent evidence on experiences of victimization and bullying during adolescence suggest that, just as the impact of early adverse events, they have severe and long-lasting consequences on socio-emotional development, interfering with typical neural development. The consequences might however differ depending on a number of factors including the age and gender of the participant at the time, or the type, intensity, duration or circumstances of the adverse event. Finally, individual differences in vulnerability and resilience should be considered. An improved understanding of the neurobiological consequences of exposure to such situations might help identify individualized intervention targets.
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Measure Control ADHD Difference,

group, group, p-value
n=78 n=78
Sex, percentage male participants 48.7% 43.6% 0.596
Age in years (SD) 34.2(13.1) 34.1(10.54) 0.656
Education (SD) 4.6(1.6) 41(1.6) 0.019
1Q (SD) 106.1 (13.6)* 108.7 (13.8) 0.479

DIVA, mean number of symptoms

Attention symptoms in Adulthood (or  0.79 (1.27)  7.32(1.99) p < 0.001***
current; SD)

Attention symptoms in childhood (SD) 0.49 (0.84) 7.23(1.83) p < 0.001***
Hyperactivity/Impulsivity adult (SD) 0.83(1.37) 5.59((2.24) p <0.001**
Hyperactivity/Impulsivity child (SD) 0.83(1.36) 5.57(2.65) p < 0.001™*

DIVA, percentage of adults
reporting impairment

Occupation 0% 74.3% p < 0.001**
Relationship and family 0% 65.4% p < 0.001**
Social contacts 0% 39.7% p < 0.001**
Hobby 1.2% 53.8% p < 0.001™*
Self-image 0% 64.1% p < 0.001**
RPQ, mean score

Reactive aggression score (SD) 5.57 (3.31) 8.17(4.05) p < 0.001***
Proactive aggression score (SD) 1.42(2.43) 1.90 (2.61) 0.242

Mean scores and standard deviations of age, highest achieved educational degree
(measured on a scale of 1 to 8 in the Dutch education system), BMI, IQ
score, number of present symptoms of inattention and hyperactivity/Impulsivity in
childhood and adulthood and the percentage of subjects reporting impairments in
occupation, relationship and family, social contacts, hobbies, and self-image from
the DIVA. The bottom of the table shows the mean scores and standard deviation
of the results from the RPQ, proactive aggression is excluded from further analysis.
*The IQ estimate of one control subject was missing. Statistical testing was
performed using the Mann-Whitney test as well as the Chi-squared test for distribu-
tion free comparisons of independent samples with a significance level of p = 0.001,
marked by ***.
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Healthy comparison (N = 21) Acute responder (N = 9) Acute non-responder (N = 5) p-value

Demographic characteristics

Age (yrs) 36.3(13.0) 37.7(152) 31.0(9.8) 065
Sex (% female) 71% 78% 100% 039
Education (yrs) 15.4(2.9) 150 2.5) 17.2(1.8) 032
Clinical characteristics

BDI 14(19) 6.4(6.5) 1.6(7.3) <0.01*
CARS-M 05(1.3) 1.3(2.4) 1.0(22) 051
HART-FSIQ 1104 8.7) 124.9(83) 1239(7.8) <0.01*
Volumes (cm®)

Intracranial (ICV) 1,603 (132) 1,472 (134) 1,406 (34) 030
Volumes, normalized by ICV

Amygdala, left 0.65(0.13) 0,69 0.15) 0.66(0.23) 0.80
Amygdala, right 0.69(0.13) 0.71(0.12) 070 (0.19) 093
Hippocampus, left 1.81(0.22) 185 (0.20) 1.71(0.25) 052
Hippocampus, right 1.61(0.21) 1.68(0.28) 1.61(0.21) 073

Shown are mean (standard deviation) unless otherwise indicated. Group differences tested using chi-square tests for dichotomous variables and F-tests for continuous variables.
Post-hoc painwise t-tests performed when evidence of a significant (p < 0.05) group difference. *For BDI and HART-FSIQ, p < 0.01 for post-hoc groupwise comparisons of responders
vs. healthy comparison and non-responders vs. healthy comparison.
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Cluster label Voxels

R Precentral gyrus 127
R Lingual gyrus 63
R Superior parietal lobe 39
R Inferior/middle temporal 24
gyrus

R Postcentral gyrus 22
R Occipital Pole 1

L Caudate 11

P

<0.056
<0.056
<0.05
<0.05

=0.06
<0.05
<0.05

4.97
3.68
3.84
3.64

3.86
3.34
3.54

30
16
30
58

18
4
—6

-10
—54
—56
—36

—42
—86
8

Z-MAX X (mm) Y (mm) Z (mm)

52

—6

58
—16

58
32
10

Results of the whole-brain analysis for the interaction of reactive aggression with
diagnosis, cluster extent correction of 11 voxel for p = 00.05.
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Minimum patch p-value

Acute Long

Non-responders vs. Rightamygdala ~ 0.20 009
Responders Left Amygdala 061 090
Right hippocampus 0.1 028

Left hippocampus ~ 0.08* 0.10

Non-responders vs. Healthy ~ Right amygdala 0.1 0.13
Comparison U Responders  Left amygdala 051 076
Right hippocampus 0,27 082

Left hippocampus ~ 0.03* 0.49

Shown are the minimum p-value in each structure (minimum of 4 patches in amygdala
or 9 patches in hippocampus). The first comparison is between non-responders and
responders, the second comparison is between non-responders, and the combined
group of healthy subjicts and responders. *For left hippocampus, minimum patch
p < 0.05.
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Population Ages
Children (N = 55, 0F);
low preferred by peers
N=27, high preferred
by peers N=28

812

Children typically 9-14
developing (N = 37,

12F)

Assault victims (V= 30, 11-17
all F), and typically
developing (N = 30, all

F)

Young adults exposed  18-25
to victimization (N =
61,54F)

Study

ealthy 11-16
adolescents (N=33,
20F) Study 2:
Adolescents (N =26, all
F) with (N=17) and

without (N'= 9) past

14-16

exposure to peer

victimization

Adolescents N= 47
(Low Victimized N
20, 10F; High

10-12

Victimized N = 27, 13F)

12-15

Adolescents N'= 23 (all
male); High peer verbal

15-17

abuse N = 11, low peer

verbal abuse N'= 12

Adolescents (N=32,all 12-16
B); Victims
interpersonal violence
N= 15, non-victims N
=17

Adolescents (N45, 36F),
from which a) peer
victimized (N = 15); b)
defenders (N = 15); ¢)

17-19

controls (N = 15)

Adolescents with 11-16
diagnosis of anxiety
disorder (N = 36, 19F).
Adolescents with 13-18
conduct problems (N =
24, 12F)
Adolescents/Young 16-20
adults N'=56 (26 F), 16
Major Depressive
Disorder, 13 MDD NOS
Adolescents N=47 (23 14-17
non-victimized, 24

victimized, all F)

Adolescents N=43 (all  14-16

F)

Community based 16-18

sample (N = 166, 90F)

Adolescents from 12-15
community sample (N

=49, 4F)

Adolescents (N'=46,all 14-18

B); Chronically

imized N = 25,

non-victimized N =21

14-16

F) Chronically

victimized N =21,

non-victimized N =17

Typically developing (N 12-16
=52, 17B), subgroup
with peer ratings (N-=

31,17F)

Chronically rejected (N 12-15
=18, 6F) and highly
accepted adolescents (N

=25, 12F)

Chronically rejected (N 12-15

9, 7F) and highly

accepted adolescents (N

=27,13F)

is; F, Female; Vit vict

, superior frontal gyrus; MF
\e; SMA, supplementary motor are

Design

Longitudinal peer
preference assessment,
Cross-sectional imaging

WB + ROI

Cross-sectional WB

Cross-sectional ROI

Cross-sectional

Cross-sectional

Longitudinal wariness
and victimization
assessment,
cross-sectional imaging
ROI

Cross-sectional

Cross-sectional WB+
ROI

Cross-sectional

Cross-sectional ROI

Cross-sectional RO

Cross-sectional WB

Longitudinal
assessment of
victimization
symptoms, ERP
cross-sectional
Longitudinal peer
Victimization and
symptoms assessment,
cross-sectional imaging
WB +ROI

Longitudinal
assessment
victimization,

cross-sectional MRI

Longitudinal (hostile
school environment
and familiar support
assessment, MRI is
cross-sectional and
ROD)

Cross-sectional WB +
ROI

Longitudinal
victimization and
symptomatic
assessment,
cross-sectional imaging

WB

Longitudinal
victimization and
symptomatic
assessment,
cross-sectional imaging
WB+ROI

Cross-sectional WB

Behavioral longitudinal
assessments, imaging

cross-sectional WB.

Behavioral longitudinal
assessments, imaging

cross-sectional WB.

, medial frontal gyrus;
yg amygdala.

ized; TD, typically develoj

Methods

Cyberball

Change task (modified
Go/NoGo)

Social and non-social
Reinforcement
Learning (three-arm
bandit) tasks
Emotion processing

task

Doors task

EEG study

Relational Value task

MR virtual school
paradigm

Cyberball
Perfusion MRI study

MRI emotional
stroop—variation with

swear words

Trust game (behavioral

only)

Cyberball

Chatroom Interact Task

Cyberball (observer

role)

Island getaway
Doors task

ERP study

Cyberball

Emotion regulation task

Cyberball

Emotional face
matching task
Bullying and
victimization are

self-report in Qualtrics

Stoplight Task (twice,
preand post exclusion
experiences at
Cyberball, only second

time inside scanner)

Social evaluation task

Cyberball
Popularity and
acceptance rated by

classroom peers

Cyberball

Dictator game

Cyberball

Key results

a) Behavior: low preferred boys less satisfaction after

inclusion

b) Imaging Exclusion: Low preferred > high preferred

dIPFC, SMG

o No differences in ROI JACC analysis

2) Behavior

o Noassociation exposure to violence and performance

B) Imaging

« Exposure to lifetime violence associated with reduced
activation in dACG, L IFC, R SEG, bilateral precentral
cortex, Linsula

o Exposure to last year violence associated with reduced
activation in dACC, precentral gryus, bilat SFG, bilat
MFG, L SPL

 Negative association between dACC, Insula, SPL
activation and progressive task performance
deterioration

a) Behavior

o No differences in social vs. non-social; no differences
between groups

b) Imaging

o Salience network (dACC, Insula) identified at ICA
analy:

TD in both tasks.

s weaker encoding of negative PE in victims vs

This association varied as a function of trauma.

o Increased activation dACC, Insula during fear faces in
high victimized group

o Past-year relational but not physical victimization was
associated with smaller neural response to gain,
indicative of blunted reward response

Study 1) Behavior

 Higher proportion of trials classified as indicative of low
relational value associated with increased levels of peer
victimization

b) Imaging

 Negative association between levels of peer victimization

and functional connectivity between VS-bilat IFC, VS-

mPEC, VS- right Put Low> High peer victimization

« Positive association between levels of peer victimization
and functional connectivity between VS- Left inferior
occipital cortex

Study 2 2) Behavior

o Higher proportion of trials classified as indicative of low

relational value associated with increased levels of peer

victimization

b) Imaging

o Negative association between levels of peer

victimization and functional connectivity between
VS-bilat [FC in Lows High peer victimization (small
volume correction)

Receipt of social evaluation: High victimized: wariness

between ages 2 and 7 was associated with activation in

right amygdala during unpredicted positive peer

evaluation, associated

higher social anxiety symptoms

o Perfusion changes during social exclusion (exclusion
vs. inclusion contrast) in the left IFC and sgACC
were positively associated with the extent of previous
experiences of bullying

o Perfusion changes during social exclusion (exclusion vs.
inclusion contrast) in the left IFC were positively
associated with reported feelings of rejection after task
performance

2) Behavior: No sign differences between groups

b) Imaging:

o Swearwords > neutral: high > low verbal abuse L VIPEC,
insula

o Increased funct connectivity L vIPFC-L hippocampus
during swear condition in high>low verbal abuse
groups

o Interaction between Learning Rate and Preference
stochasticity (PS): at high PS, learning rate was

positively associated with assault frequency

o No significant differences in experienced distress
between groups

o Exclusion> Inclusion: increased functional connectivity
L amyg-ACC and L amyg-R Insula controls >
Victimized; defenders had different pattern of functional
connectivity with more connectivity in ACC-mPFC
during inclusion than exclusion, opposite to what was

described for the control and victimized groups

Functional connectivity mPEC-Amyg in victimized

individuals moderates association between
victimization and depressive symptoms—these only
present when connectivity is positive

o Increased peer victimization mediated the association
between right anterior insula activation during social
rejection and suicidal ideation (controlling for
depressive symptoms)

o Bullying scores associated with activation in bilateral
amygdala, vStr, Insula, mPFC, PCC during
exclusion> Inclusion

o Early but not recent peer victimization associated with

blunted reward response to social acceptance

o Exclusion> inclusion: Vict

zed > TD in dACC,
amygdala,inferior fusiform gyrus

o dACC, sgACC, Insula activation positively associated
with higher internalizing symptoms

o Association between activation in dACC/sgACC/Insula
and internalizing symptoms was partally explaned by a
link between activation in these regions and avoidance

motivation for victims but not for non-victims

o Victimization posi

vely correlated with Amyg-R VIPFC
functional connectivity in context negative emotion
and negatively correlated with labeling accuracy during
negative emotions

o Vict

zation predicted amyg- R VIPEC connectivity in
girls with high but not low rejection sensitivity—during
ERtask

o Victimization predicted labeling accuracy in girls with
high rejection sensitivity (but not low)

o Hostile school environment directly associated with
increased social deviance, mediated by activation in
sgACC during exclusion contrast in Cyberball task

o Activation in sgACC during social exclusion in task was
associate with depressive symptoms, deviant behavior
and hostile school environment

o Family connectedness moderate the mediation model

o Relational bullying predicted by enhanced activation
amygdala during angry faces and reduced during fearful
faces, as well as lower activation in rostral ACC to fearful
faces

o Relational peer victimization associated with lower
amygdala to angry faces and fearful faces

a) Behavior: No between-group behavioral differences

(risky choices) before exclusion experiences, Vict>nonVict

risky choices after exclusion

b) Imaging

o Risky decisions: Vict>nonVict: bilat amyg, vst, OFC,
mPEC, TPJ; Vic<NonVict SMA

o Safe decisions: Vict>nonVict mPFC, dIPEC, VIPEC,
dmPEC

o pass  outcomes:  Vict>NonViet Striatum

Vict<NonVictbilat Insula

©) Association neural reactivity and antisocial behaviors:

o Risky decisions: bilat amyg, OFC, mPFC, dmPFC, pSTS
o Safe decisions: mPFC, dmPEC, TPJ, pSTS, VIPEC, dIPFC.
o Pass outcomes:

reduced act in TP}, STS, mPFC, dmPFC
a) Behavior: Peer victimization score associated with
response time (in-group>out-group) and memory biases

Vict>nonVict

b) Imaging:

o positive association between peer victimization scores
and increased activation in-group vs. out-group peers in
amygdala, vStr, fusiform gyrus, TP]

o This activation was associated with lower social self-
esteem and increased internalizing and externalizing
symptoms at 9-months follow-up

o in-group>out-group activation in vSts, TPJ and amyg is
positively associated with in-group memory bias,
activation in fusiform negatively with in-group RT bias

Exclusion > Inclusion: Ball

o VIPEC

Inclusion:no ball> Inclusion: ball

o VIPEC

Exclusion> Inclusion: no Ball

 daCC

Effect own peer status (Exclusion > Inclusion: Ball)

© dACC More> Less accepted

Effect virtual player popularity

© rfACC condition popularity interaction, increased
activation by inclusion average popular& exclusion high
popular players

Effect peer x virtual player popularity

o Exclusion by popular> exclu

n by average enhanced
VStr and mPEC in high vs. average popular participants

2) Behavior: no between group differences

b) Imaging (equal treatment excludes>equal treatment

includers)

o Vict>non-Vict: R lateral PEC, R Caudate

o Posi

e Association with perspective taking—dmPFC,
across all participants

 Positive Association with regulation problems—L
Anterior Insula, pre-SMA/JACC, across all participants

2) Behavior

© Comparable distress after exclusion in Need Satisfaction
questionnaire

b) Imaging

Exclusion > Inclusion: ball

o Rejected > Accepted dACC

Incidental exclusion (Inclusion: no ball> Inclusion: ball)

o Rejected > Accepted preSMA, dACC, anterior PFC

g PE, prediction error; R, right; L, left; ICA, Independent Component

dorsomedial prefrontal cortex; mPEC,
enual anterior cingulate cortex; PCC, posterior cingulate

superior
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Regressors Estimate Standard error t-value p-value

ADHD diagnosis (y/n) 0.33 0.57 4.50 <0.001™*
Age 0.03 0.02 0.40 0.69
Sex —0.28 0.57 -3.72 <0.001*

Summary of regression analysis of reactive aggressive behavior, showing regres-
sion coefficients, standard errors, t- and p-values as well as levels of significance in
codes from 0.001 as “**,” from 0.01 as “**,” or from 0.05 as “*” to the model.
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Regressors Estimate Standard error t-value p-value
Hyperactivity/Impulsivity 0.28 0.17 211 0.036"
Inattention 0.09 0.14 0.71 0.479
Occupation 0.34 0.93 0.1 0.917
Relationship and family 6.41 0.89 2.07 0.041~
Social contacts 2.03 0.81 0.71 0.479
Hobby —-2.17 0.79 —0.78 0.436
Self-image —6.59 0.93 —2.02 0.045*

Summary of regression analysis of reactive aggressive behavior, showing regres-
sion coefficients, standard errors, t- and p-values as well as levels of significance in
codes from 0.001 as “*,” from 0.01 as “*,” or from 0.05 as “*” to the model.
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Cluster label Voxels P Z-MAX X (mm) Y (mm) Z (mm)

ADHD

R Precentral gyrus 83 <0.05 545 24 —-12 50
L Middle frontal gyrus 42 <005 3.74 32 18 56
R Superior frontal gyrus 33 <005 378 6 32 62
R Inferior/middle temporal 33 <005 4.99 64 —-32 —-18
gyrus

R Insula 20 <005 4.38 36 —22 2
R Lingual gyrus 18 <0.05 35 16 —70 —6
Not assigned 16 <0.05 427 —44 —26 —-12
Not assigned 14  <0.05 382 30 2 28
R Hippocampus 14 <0.05 343 26 —22 —-12
Controls

L Midde/inferior temporal 240 <0.05 4.37 —62 —60 —4
gyrus

R Superior parietal lobule 88 <0.05 382 28 —56 58
R Lingual gyrus 60 <0.05 8.77 18 —-52 —4
R Precentral gyrus 24 <005 378 32 —10 56
R Superior Parietal Lobule 13 <0.05 3.62 28 —42 58

Results of the whole-brain analysis for the analysis of reactive aggression within
the ADHD group (top) and the control group (bottom) separately, cluster extent
correction of 11 voxel for p = 0.05.
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Power spectral density
Detta

Alpha
Low gamma

Alpha peak frequency
Theta-beta ratio

Multiscale entropy
Complexity index

Average time scales (S1-20)
Average time scales (S21-40)

FXS vs. controls

Higher delta power in FXS

Lower alpha power in FXS
Higher gamma power in FXS
Lower alpha peak frequency in FXS
No significant difference

Lower Clin FXS
No significant difference
Lower MSE in FXS

Cl, Complexity index; FXS, Fragile X syndrome; MSE, Multiscale entropy.

FXS replication cohort vs. controls

Higher dielta power in FXS

No significant difference

Higher gamma power in FXS
Lower alpha peak frequency in FXS
No significant difference

Lower Clin FXS
No significant difference
Lower MSE in FXS

FXS vs. FXS replication cohort

Only in Oz: siightly
cohort, no other significant diferences

No significant difference
No significant difference

No significant difference
No significant difference
No significant difference

her PSD in replication
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N
Comorbid diagnoses

ASD

Epilepsy

Intellectual disabilty

Learning disability
Speech/language impairments
Medication

Antipsychotics

Antidepressants

Aniolytics

Psychostimulants

Non-verbal IQ

Mean  SD

Range

Test

ABC-C

Composite score (mean = SD)
T-test

Irrtability subscale (mean  SD)
T-test

Lethargy subscale (mean  SD)
T-test

Stereotypy subscale (mean = SD)
T-test

Hyperactity subscale (mean  SD)
T-test

Inappropriate speech subscale (mean = SD)

T-test

Social avoidance subscale (mean + SD)

T-test

Male Female

16 1
8 1
1 0
9 3
3 2
3 o
o o
3 1
1 (GABA supp) o
6 1

6022362 72822054
36-123 44-113
toy = —1.48,p = 0.15

39.13+ 1888  25.45:+29.95
toy = 1.43,p = 0.167
1013£991 918+ 1428
toy =02,p =084
527386 455482
toy =0.42,p = 068
433261 191£27
toy =2.3,p =0.08"
1113£621  682+7.95
toy =1.56p =0.13

52:£257 1.78+185
tog =8.8,p =0.001"
307 231 127 +1.42

toy = 2.27,p = 003"

ABC-C, Aberrant Behavior Checkiist-Community; ASD, Autism spectrum disorder; SD,

Standard deviation; " Statistically significant.





OPS/images/fpsyt-12-716707/fpsyt-12-716707-t003.jpg
FXs

N 19
Males (1, %) 18 (94.74%)
Females (n, %) 1(5.26%)
Age

Mean + SD 15.26 & 432
Range 822
Non-verbal IQ

Mean  SD 48.86 + 14.76
ABC-C

Composite score (mean = SD) 51.27 £ 3202
Initabillty subscale (mean = SD) 13.44 £ 18.01
Lethargy subscale (mean = SD) 7.41+688
Stereotypy subscale (mean = SD) 632591
Hyperactivity subscale (mean & SD) 956 6.46
Inappropriate speech subscale (mean  SD) 676 3.1
Social avoidance subscale (mean + SD) 368+ 3,61

ABC-C, Aberrant Behavior Checkiist-Community; FXS, Fragie X syndrome; SD,
Standard deviation.
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Internalizing Externalizing Dysregulation profile

Brain region B SE. p-value B SE. p-value B SE. p-value
Banks of the superior temporal sulcus ~~ -0.086  0.074 2.460-01 0086 0075 251601 0112 0.103 2.77e-01
Caudal middie frontal 0056 008 481601 0039 0081 631601 0001 0.109 9.956-01
Cuneus 0088 0.064 3.656-01 0.028 0.065 6.660-01 -0009 0088 9.26-01

Entorhinal -0.143 0.078 6.58e-02 -0.026 0.079 7.44e-01 -0.132 0.105 2.11e-01
Frontal pole 0.119 0.064 6.18¢-02 0.182 0064 483008 0254 0086 2.99-03"
Fusiform 0015 0.074 8.430-01 0.117 0074 1.166-01 0083 0.101 4.090-01
Inferior parietal 0106 0,069 1.24¢-01 -0.12 007 854002 -0.15 0094 99002

Inferior temporal 0073 0,073 3.47e-01 0.124 0074 9.226-02 0092 0.009 352001
Insula 0041 007 5.58¢-01 0.104 0071 1.4e-01 0.106 0,095 2.63e-01
Isthmus cingulate 0022 0081 7.880-01 0028 0081 7.360-01 0014 0.112 8.980-01
Lateral occipital 0081 0.061 1.9¢-01 -0.02 0.062 7.496-01 -0032 0084 6.99-01
Lingual 0016 0,056 7.736-01 0018 0.056 7.480-01 0037 0077 6.200-01
Middle temporal 0005 0076 9.50-01 0.121 0076 1.116-01 0092 0.103 371601
Paracentral -0035 007 6.11e-01 -0019 007 7.84e-01 -0004 0096 9.676-01
Parahippocampal 0079 0085 3.530-01 -0.051 0.085 5.540-01 0067 0118 5.726-01
Pars opercularis 0035 0072 626001 0058 0073 4.65-01 0052 0099 5.99-01
Pars orbitalis 0099 0.073 1.77-01 0411 0074 1.34e-01 0.192 0.1 5.48¢-02
Pars triangularis 006 0065 355001 009 0086 1.726:01 015 0089 9.260-02
Pericalcarine 0.152 0,059 1.01e-02* 0.133 0.06 2.60-02 0081 0.08 3.136-01
Posterior cingulate 0.106 0.07 1.27¢-01 0.205 0.07 3.48¢-03" 0.249 0.096 9.56e-03"
Postcentral 004 0.074 5.860-01 0083 0074 3.976-01 -0.061 0.101 5.450-01
Precentral 0018 0.078 8.17e-01 0009 0079 9.07e-01 -001 0.107 9.27e-01
Precuneus -0108 0066 1.02¢-01 -0048 0086 4.680-01 0014 0.091 8.760-01
Superior frontal 0.104 0.072 1.48¢-01 0.141 0073 532002 0213 0,099 3.130-02
Superior parietal 0043 0,088 5.290-01 0112 0089 1.056-01 0182 0098 1.586-01
Superior temporal 009 0.074 2250-01 0.187 0074 1.18e-02 0216 0.101 3.250-02
Supramarginal 0005 007 9.446-01 0.041 0071 5.640-01 0079 0.007 413601
Temporal pole -002 0075 7.86e-01 0033 0076 6.63¢-01 0,062 0.101 5.4e-01

Transverse temporal 0.135 0.078 8310-02 0.179 0078 221002 0261 0.107 1.486-02

*Indlcates significance after correction for multiple testing using FDR-BH at & g-value of 0.05.
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Brain region

Anterior cingulate

Orbitofrontal

Rostral middle frontal

Psychopathology symptoms.

Internalizing
Externalizing
Dysregulation Profie
Internalizing
Externalizing
Dysregulation Profie
Internalizing
Externalizing
Dystegulation Profie

-0.263
-0.361
-0.602
-0.119
-0.288

-0.43
-0.227
-0.336
-0.551

S.E.

0.081
0.081
0.113
0.079
0.079
0.109
0.081
0.081
0.112

p-value

1.17e-03
9.13e-06
1e-07
1.31e-01
3e-04
7.68e-05
5.09e-03
3.62e-05
9.35e-07
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Brain region

Banks of the superior temporal sulcus
Caudal middie frontal
Cuneus

Entorhinal

Frontal pole
Fusiform

Inferior parietal
Inferior temporal
Insula

Isthmus cingulate
Lateral occipital
Lingual

Middle temporal
Paracentral
Parahippocampal
Pars operoularis
Pars orbitalis

Pars triangularis
Pericalcarine
Posterior cingulate
Postcentral
Precentral
Precuneus

Superior frontal
Superior parietal
Superior temporal
Supramarginal
Temporal pole
Transverse temporal

-0.097
-0.162
-0.33
0.057
-0.112
-0.127
-0.161
-0.159
-0.045
-0.213
-0.391
-0.25
-0.172
-0.028
0.082
0.1
-0.162
-0.185
-0.244
-0.162
-0.471
-0.207
-0.195
-0.099
-021
-0.16
-0.135
-0.085
-0.104

S.E.

0.085
0.081
0.082
0.081
0.076
0.081
0.083
0.079
0.082
0.086
0.08

0.081
0.081
0.084
0.081
0.084
0.08

0.082
0.083
0.084
0.085
0.083
0.084
0.081
0.081
0.085
0.085
0.076
0.088

p-value

2.52e-01
4.63e-02
5.72e-06
4.84e-01
1.4e-01

1.16e-01
5.2e-02

4.6e-02

5.81e-01
1.35e-02
1.08e-06
2.09e-03
3.32e-02
7.36e-01
3.11e-01
2.31e-01
4.36e-02
2.41e-02
3.5e-03

6.98e-02
4.5e-02

1.21e-02
2.03e-02
2.2e-01

9.34e-03
7.67e-02
1.14e-01
2.63e-01
2.25e-01

B

-0.268
-0.196
-0.374
-0.007
-0.219
-0.274
-0.332
-0.33

-0.12

-0.327
-0.417
-0.394
-0.367
-0.211
-0.17

-0.199
-0.319
-0.29

-0.321
-0.335
-0.196
-0.356
-0314
-0.208
-0.251
-0.325
-0.176
0177
-0.213

S.E.

0.085
0.082
0.082
0.082
0.077
0.081
0.083
0.08

0.082
0.086
0.08

0.081
0.081
0.084
0.082
0.084
0.081
0.082
0.084
0.084
0.085
0.083
0.084
0.081
0.081
0.085
0.086
0.077
0.086

p-value

1.6e-03
1.66e-02
5.63¢-06
9.3e-01
4.26e-03
7.17¢-04
6.5e-06
3.45¢-06
1.45€-01
1.64e-04
2.15e-07
1.42e-06
6.35¢-06
1.27e-02
3.75e-02
1.78e-02
8.05e-06
4.24e-04
1.33e-04
6.64e-05
2.14e-02
1.79e-06
2e-04
1.01e-02
1.91e-03
1.33e-04
3.99e-02
2.08e-02
1.36e-02

0386
0386
0576
-0.021
0326
-0.426
-0.465
-0.455
-0.336
0522
-0.604
0552
-0.526
-0.294
0.1

-0.394
-0.449
0507
0503
0558
-0.405
0553
-0.479
0366
-0.331
0556
-0336
-0.248
-0.408

S.E.

0.118
0.113
0.114
0.112
0.103
0.112
0.115
0.11

0.112
0.12

0111
0.113
0.112
0.117
0.113
0.117
0111
0.114
0.116
0.117
0.118
0.115
0.117
0.112
0.112
0.118
0.119
0.103
0.12

p-value

1.06e-03
6.88e-04
4.77e-07
8.53e-01
1.64e-03
1.5e-04

5.86e-05
3.62e-06
2.68e-03
1.47e-06
6.54e-08
1.11e-06
3.05e-06
1.22e-02
3.77¢-01
7.65e-04
5.65e-06
9.36e-06
1.50e-05
1.84e-06
6.33e-04
1.61e-06
4.42e-05
1.13e-03
3.23e-03
2.65e-06
4.93e-03
1.64e-02
6.9e-04
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Age MRI (Mean, SD)
Age CBCL (Mean, SD)
Measures in %
Child national origin
Dutch
Non Dutch
Maternal education
Low
Middle
High
Household income:
<€2,000.- per month
>€2,000.- per month
Measures in median, QR
Handedness
Chid psychopathology
Internalizing
Externalizing
Dysregulation Profile

842
842

596

246

30

477

196
646

842

842

842
842

T

7.96 (1)
606 (0.45)

70.78%
29.22%

3.56%
39.79%
56.65%

23.28%
76.72%

0,82 (0.64-0.92)
6(-11)

8(3-15)
10 (4-18)

2,708
2,708

1,771

937

a7

1675

528
2,180

2708

2,708

2,708
2,708

T2

10.1(0.57)
97(0.28)

65.4%
34.6%

1.74%
36.41%
61.86%

19.5%
80.5%

0.83(0.67-1)
3(1-7

2(0-9)
6(3-11)

1,904
1,904

1,199
706

57
708
1139

404
1,500

1,904

1,904

1,904
1,904

14(06)
13.52 (0.36)

62.97%
37.03%

2.99%
37.18%
59.82%

21.22%
78.78%

0.83(0.67-1)
4(1-8)

2(0-6)
6(3-12)
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Brain region Psychopathology B SE.  p-value

symptoms

Anterior cingulate Internalizing -0271 0085 1.39e-03"
Externalizing -0351 0085 3.61e-05"
Dysregulation 0566 0.118  1.71e-06"
Profile

Orbitofrontal Internalizing 0087 0083 29201
Externalizing 0248 0083  291e-03"
Dysregulation 0364 0114 142003
Profile

Rostral midde frontal  Internalizing -0.18 0084 32802
Externalizing 0265 0084 1.73e:03"
Dysregulation -0.467 0.116  6.03e-05"
Profie

Amygdala Internalizing 0152 0078 51902
Externalizing -0323 0078 3.926-05"
Dysregulation 0374 0107  5.056-04"
Profile

Hippocampus Internalizing -0012 0083 88101
Externalizing 0048 0084 56201
Dysregulation -028 0116  1.6e02"
Profile

Striatum Internalizing -0.163 0085 557602
Externalizing -0.134 0086  1.18e-01
Dysregulation 0301 0119 1.16e-02"
Profile

“Indicates significance after correction for multiple testing using FDR-BH at a q-value of
0.05.
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Brain region Psychopathology symptoms B S.E.
Anterior cingulate  Intemalizing 002 0073
Externalizing 0083 0,073
Dysregulation Profile 0181 0.1
Orbitofrontal Internalizing 006 0056
Externalizing 0.139 0,056
Dysregulation Profile 0.173 0.076
Rostral middle frontal _Intemnalizing 0064 0,063
Extemnalizing 0.112 0,064
Dysregulation Profile 0.102 0.086

p-value

7.86e-01
2.56e-01
7.11e-02
2.83e-01
1.33e-02*
2.22¢-02"
3.11e-01
7.89e-02
2.34e-01

“Indicates significance after correction for multple testing using FDR-BH at a q-value of

0.05.
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Internalizing Dysregulation profile
Brain region B SE. p-value B SE. p-value B SE. p-value
Banks of the superior temporal sulcus~~ -0.084 0084 8.19e-01 -0188  0.085 27002 0266 0117 2.37e-02
Caudal middle frontal -0.092 0.085 2.8e-01 -0.124 0.085 1.45e-01 -03 0.118 1.09e-02
Cuneus 0183 0082 25802  -0226 0082  5960-03" -0.466 0.114 4.636-05"
Entorhinal -0.024 0.079 7.65e-01 -0.064 0.08 4.2e-01 -0.111 0.108 3.06e-01
Frontal pole 0,003 0069 1.77¢-01 0.009 007 1.58-01 0.125 0093 1.86-01

Fusiform 0119 0085 1.61e-01 0263 0085 1.99-08" -0.358 0117 228603
Inferior parietal 0149 0084  7.57e-02 -031 0084  23%-04' 0478 0117 4.35¢-05"
Inferior temporal -0.094 0.083 2.57e-01 -0.219 0.083 8.56e-03" -0.356 0.114 1.85¢-0"
Insula -0112 0084 1.81e-01 -0.188 0084 2550-02 -0.381 0116 9.99-04"
Isthmus cingulate -0.188 0084 252602 0272 0,084 127608 0454 0417 1.156-04*
Lateral occipital -0204 0083 18802 -0271 0.083 108e-03°  -0503 01415 1.3¢-05"
Lingual 0208 0081 1.17e-02 026 0.082 146003 0478 0114 2.740-05"
Middle temporal 0105 0084 20801 0226 0084 72308 0391 0115 6.960-04"
Paracentral -0022 0082 7.90:01 0179 0082 296602 0217 0114 5.740:02
Parahippocampal -0.021 0084 802601 0336 0084  729e:05° 0201 0117 8.560-02
Pars opercularis -0024 0084 7.77e:01 -0.09 0084 2.86-01 0283 0117 3.11e02
Pars orbitalis 0086 0084  307e01 02 0,085 1.846-02 -0.285 0.116 1.426-02
Pars triangularis -0.134 0.084 1.11e-01 -0.168 0.084 4.51e-02 -0.371 0.116 1.47e-03*
Pericalcarine 0076 0081 3.480-01 0132 0081 1.036-01 0346 01412 2.006-03"
Posterior cingulate -0113 0084 1.81e-01 -0256 0085  248e03'  -0459 0118 1.01e-04"
Postcentral -0.07 0083 4e-01 -0164 0083 4.79¢-02 0335 0415  3.67e08"
Precentral -0.12 0.085 1.62e-01 -0.253 0.086 3.24e-03" -0.433 0.119 2.71e-04"
Precuneus -0214 0082 9.76-03" -0309 0083 192604 0448 01415 1.026-04*
Superior frontal 0013 0084  876e-01 -0104 0084 2.17e-01 0186 01417 1.1e-01

Superior parietal -0.183 0082  26fe-02  -0265 0082 136003 0358  O.114 1.600-03"
Superior temporal -0.04 0084 63501 0146 0085 8.47e-02 0303 01417 9.43¢-03"
Supramarginal 0069 0084  411e-01 0085 0085 314001 022 0.118 6.20-02

Temporal pole -0033 0075 662001 -0057 0076 4.560-01 0046 0.101 6.49-01
Transverse temporal 0,033 0084 691e01 005 0.084 5.54e-01 -0.16 0117 1.736-01
Palidum 0058 0079 5001 0014 0079 855001 0118 0.108 277601
Thalamus 0157 0084  631e02 0218 0085 101e:02° 0406  0.117 5.430-04"

*Indlcates significance after correction for multiple testing using FDR-BH at & g-value of 0.05.
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Yogagroup  Cyclinggroup  P-value

(n=15) (n=15)
Age 31.8+908 24951 0.02
Sex (F/M) 15/0 15/0
Activiy level (hrs/wk) 05+04 06£05 098
Pre-PET scan sober 865+ 6.1 855+ 6.1 068
glycaemia (mg/di)
BMI (kg/m?) 28423 225524 030
Educational level 066
High school 2(18.3%) 4(26.7%)
Bachelor degree 8(53.3%) 7 (46.7%)
Master degree 5(13.3%) 4(26.7%)
BDI 3(0-8) 1(0-8) 032
MMSE 30 (20,30) 29(20,30) 007
Nr of attended classes (out 211 1.2 214+ 1.4 049
of max 24)

BDI, beck depression inventory; BMI, body mass index; F, female; M, male; MMSE,
mini-mental state examination. Data are presented as mean  standard deviation for
continuous variables, median (min-max) for integer variables and frequency (%).
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Yoga Cycling Repeated Within groups (paired) Between groups (unpaired)

ANOVA (intervention effect) (group effect)
P-value
Scale Baseline Post Baseline Post Group x Time Yoga Cycling Baseline Post
LAPS
Positive affect 7.8(1.1) 7.9(.8) 7.2(1.4) 7.3(12) 094 078 087 023 022
Negative affect 1.2(1.0) 2.0(1.6) 1.60.9) 2.2(15) 073 0.07 0.15 023 069
Hedonic tone 8.8(1.0) 8.6(1.1) 85(0.9) 8.4(1.1) 064 0.35 0.06 034 022
Independent variables:
Cognitive functioning 84(1.7) 8.6(1.1) 7.9(15) 7.3(1.4) 006 0.20 0.18 066 0,000
Overall functioning 8.7(13) 8809) 82(1.3) 7.7(19) 026 0.84 0.19 028 00t®
Meaningful e 85(1.0 8.1(1.2) 7.422) 7.9(12) 030 021 052 0.10 056
Happiness 85(1.1) 83(1.2) 75(1.6) 7.715) 033 0.30 0.63 004 023
FFMQ 137.5(15.2) 138.9(18.9) 139.4(13.3) 1409(13.9) 097 051 055 071 074
Observe items 24.5(5.4) 26.85.8) 25.9(4.4) 27.55.0) 054 0042 007 042 074
Describe items 28.67(5.4) 285(5.3) 30.1(5.5) 30.06.3) 096 081 0.90 047 0.48
Awareness items 207(5.4) 28.065.9) 203(4.7) 20.1(5.4) 035 009 087 086 059
Non-judge items 30.8(4.7) 30.9(4.9) 325(3.4) 32.4(4.0) 091 098 095 027 036
Non-react iterns. 23.9(4.2) 24.735) 215(4.9) 21.9(4.5) 071 0.41 059 017 007
pss 12.4(6.3) 12.6(5.4) 12.1(5.8) 12.9(5.4) 086 0.80 0.49 098 087
PSWQ 31.0(132) 30.1(14.9) 33.2(14.8) 36.6(15.2) 050 0.83 0.48 067 025
scs 28.1(7.5) 27.2(6.0) 29.9(4.4) 28.004.3) 051 0.30 0.06 041 069
MAIA 23.904.7) 26.2(5.2) 24.8(4.4) 2580.2) 018 0001 021 061 078
Noticing 3.0(1.0 3.6(1.0) 3508) 3.60.4) 007 0020 058 020 081
Not-distracting 2.1(0.8) 2.109) 2.405) 2.2(0.7) 039 0.88 017 0.25 072
Not-worrying 4.00.8) 380.9) 3709 3.60.9) 078 029 0.41 0.40 055
Attention regulation 3.2(0.6) 3.2(0.9) 3.00.8) 3.3(0.5) 0.45 0.68 0.14 052 0.94
Emotional awareness 3409 380.9) 330.9) 3.6(0.6) 090 0.009° 0,040 069 056
Self-regulation 2.6(1.2) 330.9) 27(1.1) 3.006) 028 0015 0.40 082 0.40
Body listening 1.8(1.1) 25(1.2) 2.200.8) 2.5(1.1) 020 0.007% 0.10 033 096
Trusting 3.80.6) 4.00.8) 400.7) 4.00.7) 052 0.13 093 033 081

BL, baseline; FFMQ, five facet mindfulness questionnaire; LAPS, Leuven affect and pleasure scale; MAIA, mult-assessment interoceptive awareness; PSS, perceived stress scale; PSWQ, Penn state worrying questionnaire; SCS,
self-compassion scale.
a(significant) uncorrected, ® remains significant after Bonferroni correction.
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Explained variability 71.2% (63.6% after cross-validation)

OPLS, orthogonal projection to latent structure; EDE-Q, Eating Disorder Examination Questionnaire; ZUNG, Zung Self-Rating Depression Scale.

EDE-Q, 4 = the need of excessive control over calorie intake; EDE-Q, 15 = number of episodes of overeating; EDE-Q, 21 = concemed when others see you eating; EDE-Q, 28 =
uncomfortable feelings when others see your shape or figure (changing rooms, swimming, etc.); ZUNG, & = food intake as previously; ZUNG, 11 = clear mind; ZUNG, 12 = abilty to
do the things as before; ZUNG, 20 = hedonism.

aR = Component loadings expressed as correlation coefficients with predictive component, ‘p < 0.05, “p < 0.01; 'p < 0.05 after comection using Bonferroni's method; A symbolizes
post-intervention change (Stage 2 - Stage 1).

Sensitivity (95% Cl) = 0.938 (0.717; 0.989); Specificity (95% Cl) = 1.000 (0.772; 1.000). Cut-off probabilit
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(matrix Y) Stimulation (LLR) 1.000 1851 0921

Explained variability 84.7% (65.7% after cross-validation)

OPLS, orthogonal projection to latent structure; EDE-Q, Eating Disorder Examination Questionnaire; ZUNG, Zung Self-Rating Depression Scale.
EDE-Q, 1 = limitation of the amount of food intake; EDE-Q, 2 = periods without eating; EDE-Q, 3 = exclusion of favorite food; EDE-Q, 4 = the need of excessive control over calorie
intake; EDE-Q, 5 = a desire to have an empty stomach; EDE-Q, 8 = overthinking about body shape and weight influences your concentration; EDE-Q, 10 = a fear of gaining weight;
EDE-Q, 11 = feeling fat; EDE-Q, 12 = a desire to lose weight; EDE-Q, 18 = compulsive exercising; EDE-Q, 20 = feeling guilty for eating; EDE-Q, 22 = influence of the weight on
self-estimation; EDE-Q, 23 = influence of the shape on self-estimation; ZUNG, 5 = food intake as previously; ZUNG, 10 = fatigue; ZUNG, 16 = abilty to make decisions.

aR = Component loadings expressed as correlation coefficients with predictive component, ‘p < 0.05, “p < 0.01; 'p < 0.05 after comection using Bonferroni's method; A symbolizes
post-intervention change (Stage 4 - Stage 1).

Sensitivity (95% Cl) = 1.000 (0.758; 1.000); Specificity (95% Ci) = 1.000 (0.758; 1.000). Cut-off probabilit

0.5.
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