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Abstract
	Anxiety disorders represent one of the most prevalent groups of mental health disorders and can cause immense problems in psychosocial functioning and overall well-being. Sensory over-responsivity, which is typically only evaluated as a symptom of autism spectrum disorder, represents when an individual experiences an abnormally heightened reaction to at least one sensory stimulus. Recent studies have found that sensory over-responsivity at preschool age is associated with many forms of psychopathology at school age, including anxiety disorders. At present, no studies have examined if this relationship continues later in life nor how sensory over-responsivity manifests structurally in the brain. The primary aim of the present study was to evaluate whether preschool sensory over-responsivity is associated with adolescent anxiety, and whether the volumes of the amygdala, hippocampus, and caudate nucleus at school age might moderate this relationship. We conducted a longitudinal follow-up study that has a sample of 210 adolescents ages 15 to 22 who underwent psychiatric assessment at the preschool age, which included a diagnostic screening for anxiety disorders and sensory over-responsivity. A subset of these 210 adolescents also underwent magnetic resonance brain imaging at school age. At the most recent follow-up, they completed an assessment of anxiety, allowing us to investigate mental health changes across their lifespan. First, we found no significant relationship between preschool sensory over-responsivity and adolescent anxiety. Second, we did not find any significant moderation effect of bilateral amygdala, hippocampus, and caudate nucleus volumes on the relationship between preschool sensory over-responsivity and adolescent anxiety. However, we found a significant interaction between left hippocampus volume at school-age and preschool sensory over-responsivity on total externalizing and internalizing problems. These findings add to the growing literature seeking to understand early life risk factors for anxiety during adolescence. Furthermore, these findings emphasize the role of brain structure, particularly the hippocampus, during early life development in a model of risk for adolescent anxiety.




















Understanding anxiety: Sensory over-responsivity and differential subcortical brain structure as risk factors
Introduction
	Approximately one in three teens will meet criteria for an anxiety disorder, which make it one of the most prevalent mental health disorders during adolescence (Copeland et al., 2014; Franz et al., 2013; Penninx et al., 2021). There are several potential early markers for anxiety, including sensory over-responsivity (SOR). Preschool-aged SOR, broadly defined as abnormally heightened or prolonged responses to specific sensory stimuli, has historically been studied only in relation to autism spectrum disorder (ASD). Nevertheless, recent studies have found that SOR is linked to a variety of mental health disorders, including attention-deficit/hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), and anorexia nervosa (AN). Furthermore, SOR at preschool-age has been linked to various subtypes of anxiety disorders at school-age (Carpenter et al., 2019). Given the prevalence of anxiety disorders during adolescence, it is essential to better elucidate potential risk factors such that early identification and intervention is possible. No previous research has investigated whether the relationship between preschool SOR and anxiety can be extended from school-age into adolescence. Furthermore, with more advanced neurobiological research methods, growing research seeks to understand the neurobiological mechanisms related to psychopathology. Although studies have investigated structural differences in the brain related to anxiety disorders, no studies have explored how structural differences might interact with SOR to lead to anxiety symptoms later in life.  
Anxiety Disorders
The 5th edition of the Diagnostic and Statistical Manual (DSM-5) specifies eight clinical presentations in the category of anxiety disorders, including: Separation Anxiety Disorder, Selective Mutism, Specific Phobia, Social Anxiety Disorder (formerly called Social Phobia), Panic Disorder, Agoraphobia, Generalized Anxiety Disorder, and Substance/Medication-Induced Anxiety Disorder (American Psychiatric Association, 2013). Defined broadly, anxiety disorders are characterized by excessive worry and the associated behavioral or psychosocial symptoms. For anxiety to be considered at the clinical level, the symptoms must be excessive, prolonged, and exceed a typical fear response. While a typical fear response is related to a real and perceived threat of harm or danger, anxiety is the emotional response related to the anticipation of a future threat. 
Across the lifespan, anxiety disorders are considered one of the most common forms of psychopathology, even after adjusting for methodological differences across studies (Baxter et al., 2013). While the exact prevalence rates of anxiety disorders differ across studies, up to 33.7% of the population are likely impacted by an anxiety disorder at some point during their life, and anxiety disorders tend to follow a chronic course and persist throughout one’s life (Bandelow & Michaelis, 2015; Copeland et al., 2014). The chronic nature of anxiety disorders is particularly alarming given that anxiety disorders can emerge early in life. The Great Smoky Mountains Study used a large longitudinal cohort and showed that more than one in five individuals met the criteria for an anxiety disorder at some point between ages of 9 and 26 (Copeland et al., 2014). Furthermore, the diagnosis of an anxiety disorder during childhood in this sample was associated with at least one kind of adverse functioning, such as financial problems or poor health outcomes, during adulthood. In another sample, it was found that the prevalence of any anxiety disorder in a sample of 1073 children ages two to five was 9.4% (Egger et al., 2006). The early emergence of anxiety disorders coupled with continued adverse functioning later in life emphasizes the need to uncover risk factors. Uncovering risk factors will aid in early identification of anxiety disorders, and thus, it will make early intervention possible. 
In the last decade, a growing number of research has explored the factors that might contribute to the development of an anxiety disorder. At present, adverse childhood experiences (ACEs) are one of the most extensively researched risk factors for the development of an anxiety disorder during adolescence. ACEs are defined by events or experiences that might be traumatic for a child to experience, such as experiences of sexual abuse, exposure to violence in the home, or parental neglect (Felitti et al., 1998). The experience of ACEs has been positively related to a range of mental health disorders during adolescence, including anxiety disorders (Elmore & Crouch, 2020). Furthermore, risk through experiences of adversity has led to a growing body of research seeking to develop a theoretical framework for assessing adversity, such as the dimensional model of adversity and psychopathology (McLaughlin & Sheridan, 2016). While understanding the connection between early life experiences and adolescent mental health is relevant for understanding risk, these experiences do not capture the entirety of the child. For example, they miss potential behavioral risk factors or temperamental traits present early in life. Furthermore, while ACEs are one area of risk for later life psychopathology, they are not the only risk factors. Individuals who do not experience ACEs can still experience anxiety and other forms of psychopathology throughout their life. A concrete understanding of several risk factors, including ACEs and other early life differences, is crucial to better predict the development of anxiety or anxiety symptoms.  
Additionally, the practical implication of understanding the risk for psychopathology is for young children at high risk to be easily identified for early intervention. For these risk factors to have practical value, they must be accurately identified in young children. However, parents are not always honest about incidents of adversity (Forsner et al., 2021). Furthermore, children often lie to conceal the transgressions of a close relative or parental figure (Talwar et al., 2004; Tye et al., 1999). Thus, it is important to consider other risk factors that could be subject to less reporting bias. The identification of behavioral risk factors could reduce reporting bias because they can be disconnected from traumatic experiences related to parents or close relatives.  
Sensory Over-responsivity
	One potential behavioral risk factor is sensory over-responsivity (SOR). The DSM-5 classifies SOR as a symptom of autism, and it is characterized by atypically exaggerated, prolonged, and/or heightened responses to specific sensory stimuli, such as the tag on a shirt or the sound of a balloon popping (Conelea et al., 2014; Miller et al., 2007). While SOR is often only studied in autistic individuals, estimates in the general population have reported that roughly 5 to 30 percent of individuals experience SOR (Ahn et al., 2004; Carpenter et al., 2019; Van Hulle et al., 2015). Furthermore, research has recently discovered a relationship between SOR and several mental health disorders, including autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD), obsessive-compulsive disorder (OCD), anorexia nervosa, and anxiety disorders (Ben-Sasson et al., 2009; Bitsika et al., 2016; Carpenter et al., 2019; Carter et al., 2011; Conelea et al., 2014; Engel-Yeger & Dunn, 2011; Farrow & Coulthard, 2012; Goldsmith et al., 2006; Green et al., 2016; Green & Ben-Sasson, 2010; Green et al., 2012; Ismael et al., 2018; Mangeot et al., 2001; Merwin et al., 2013; Pfeiffer et al., 2005; Reynolds & Lane, 2009). In individuals with these mental health disorders, SOR has also been associated with increased psychosocial difficulties, including greater psychological impairment and family difficulties (Bar-Shalita & Cermak, 2016; Carter et al., 2011). The growing body of research on SOR illustrates its importance as a construct of interest with respect to mental health disorders.
Because SOR has been associated with a range of mental health disorders, it is important to understand why this relationship might be true. One existing theoretical framework for the relationship between SOR and anxiety suggests that individuals with anxiety spend more time searching for environmental stimuli, referred to as hypervigilance (see Appendix A, Figure 1)  (Green & Ben-Sasson, 2010). Furthermore, individuals with anxiety have negative attentional biases, or difficulty shifting their attention away from negative stimuli. These two facets of anxiety lead individuals to spend more time attending to specific sensory stimuli and have a hard time regulating the emotional response to any perceived threat. Some individuals with anxiety, in turn, have heightened reactions to these specific sensory stimuli (i.e., sensory over-responsivity) which is then maintained and exacerbated through aversive conditioning, where the child couples their unpleasant heightened reaction to an otherwise neutral stimulus.  
	However, there is a growing shift away from the SOR caused by anxiety model. Studies have established that SOR often exists in individuals without hyperarousal or anxiety disorders (Ben‐Sasson et al., 2008; Fox & Polak, 2004; Rogers & Ozonoff, 2005). Thus, this theoretical model could be ineffective in explaining the relationship between SOR and anxiety in many individuals. Researchers have attempted to provide a flipped model suggesting SOR might cause anxiety disorders. However, researchers have struggled to distinguish how SOR could be causally connected to fear and anxiety independently, a distinction relevant to the anxiety disorders (Grillon, 2008). Despite the exact theoretical model being unknown, there seems to be behavioral and neurobiological overlap between the presentation, diagnosis, and understanding of SOR and anxiety disorders. For example, research on both suggests they independently involve amygdala hyperactivity, misperception of threat, emotional dysregulation, and avoidance (Green & Ben-Sasson, 2010). Increased research on the relationship between SOR and anxiety across the lifespan could help provide a more nuanced understanding of their connection and help support a better theoretical model. 
	While there is extensive research on SOR and its association with psychopathology, most of these studies are cross-sectional and are thus unable to inform how SOR might act as a risk factor for psychopathology and dysregulation later in life. A cross-sectional study of adults 18 to 65 found that sensory processing disorder, which includes the symptoms of SOR, in childhood was significantly associated with an anxiety diagnosis in adulthood (McMahon et al., 2019). However, the cross-sectional design required participants to retrospectively report childhood experiences related to sensory processing difficulties. Longitudinal research is necessary to strengthen internal validity in the observed relationship between SOR and anxiety. Only one known longitudinal study has investigated SOR distinct from other diagnoses as a risk factor for anxiety disorders later in life. They found that 20 percent of parents reported their child, ages two to 5 years, to have SOR in at least one sensory domain, with the most common domain being tactile experiences (18%), with no significant difference based on the child’s age or race (Carpenter et al., 2019). Furthermore, preschool SOR was found to be associated with increased anxiety symptoms at age six. These findings suggest that SOR is an important risk factor for anxiety disorders. However, they were unable to determine whether the relationship continues into adolescence when anxiety disorders are highly prevalent. This extension could help strengthen the argument for SOR as a key behavioral risk factor for anxiety disorder across the lifespan. 
Brain Structure and Anxiety
	The technological advancements in neuroimaging, such as magnetic resonance imaging (MRI), present great promise to better understanding psychopathology. For example, MRI studies can help inform the underlying neurobiological mechanisms and underpinnings of mental disorders (Rashid & Calhoun, 2020). This research can provide region-specific correlates for certain mental health disorders, incorporating structural and functional aspects of the brain. Functional studies with respect to psychopathology compare how activity within and between regions differs between people with and without specific mental health disorders in various experimental paradigms. Structural studies seek to understand surface area and volume of brain regions that might differ between people with and without specific mental health disorders. There is much debate surrounding the practical implications of neuroimaging research related to mental health, but here I explore how differential brain structure could be related to risk for anxiety disorders. 
	The limbic system is a network of connected subcortical structures often attributed to several important functions, including olfaction, appetite and eating behaviors, sleep and dreams, various emotional responses, sexual behavior, addiction and motivation, memory, and social cognition (Rajmohan & Mohandas, 2007; Roxo et al., 2011). One notable emotional response related to the limbic system is fear processing, which intuitively relates to the characterization of anxiety disorders. The amygdala is a structure of the limbic system and is located in both hemispheres within the anteromedial section of the temporal lobe (Šimić et al., 2021). While the amygdala has bilaterally shown differential volume in cross-sectional studies of individuals with anxiety disorders, there is no consensus about directionality (Qin et al., 2014; Suor et al., 2020; Zugman et al., 2021). Thus, the amygdala seems to have a significant but unknown relationship with anxiety disorders. 
	A possible issue with these findings in the amygdala is that they only account for amygdala volume at a single point in time. However, the relative size of the amygdala might exhibit differences at specific time periods during development. Thus, between-subjects research at one time point or across a broad age could miss sensitive periods in neurobiological development within an individual. Limited research currently exists that longitudinally assesses the relationship between amygdala volume and anxiety. However, one study found that autistic children with a DSM-specified anxiety disorder had larger amygdala volumes around three years old and 11 years old but no significant difference in amygdala volumes at other points in childhood when compared to typically-developing children (Andrews et al., 2022). Although this research looks at comorbid anxiety and autism, it suggests that more research might be needed on the role of amygdala volume in anxiety disorders independent of other forms of psychopathology at particular points in and the growth trajectories across development. 
	Another region of the limbic system that has been implicated in anxiety disorders is the hippocampus. The hippocampus is a subcortical structure that is an extension of the temporal lobe and is functionally associated with memory, learning, and imagining the future (Addis & Schacter, 2012; Anand & Dhikav, 2012). In a sample comprised of individuals born very preterm (gestation of less than 30 weeks), those with anxiety showed slower growth of the hippocampus from birth to age seven (Gilchrist et al., 2021). Furthermore, one study found that anxiety disorders were associated with smaller hippocampus volume in older adults ages 65 to 90, but the authors included major depressive disorder within the anxiety disorders and did not account for other comorbidity (Baksh et al., 2021). While it seems that reduced volume of the hippocampus could be related to anxiety disorders, it is presently unknown whether there is differential volume associated with adolescent anxiety and whether this relationship can be attributed to other forms of psychopathology.
	The caudate nucleus is a component of the striatum located subcortically near the temporal lobe (Driscoll et al., 2023). It is functionally associated primarily with the planning and execution of coordinated movement, but also with motivation, reward, memory, emotion, and learning. Moreover, anxiety disorders involve dysregulation in emotion, learning, and reward circuitry (De la Peña-Arteaga et al., 2022; Shin & Liberzon, 2010). Given this overlap between anxiety disorders and the functions of the caudate nucleus, a structural association might also exist between them. Moreover, researchers have found that an increased volume of the right caudate nucleus has been associated with lower scores on measures of anxiety and depression (Starkman et al., 2007). However, no studies to date have explicitly looked at the relationship between anxiety during adolescence and the volume of the caudate nucleus.
	While there seems to be growing literature on the relationship between psychopathology and the brain, some researchers have suggested that research linking anxiety and structural neurobiological differences will not produce consistent findings (Zugman et al., 2021). The ENIGMA-Anxiety group combined data collected across studies and research sites to determine whether there were any structural differences in the brain for individuals with generalized anxiety disorder (GAD) compared to healthy controls (Harrewijn et al., 2021). Unfortunately, they found no significant differences between the GAD and healthy control groups. Nevertheless, this study only looked at one clinical subtype of anxiety (GAD) and failed to distinguish between a child- and adult-onset diagnosis. Thus, structural brain differences might exist specific to the age of onset. Furthermore, the use of combined data across various study sites leads to inconsistent data collection methodologies and data quality differences. While the researchers controlled for study site with the addition of random slopes and intercepts at each individual site, there could be nonlinear effects that were not controlled for in their analyses. Finally, this study looked for differences in regional brain volumes and anxiety between individuals. Even if these findings show no structural differences broadly in individuals with and without GAD, they do not show whether differences at a particular time in development are related to a diagnosis of anxiety later in life. 
Brain Structure and Sensory Over-Responsivity (SOR)
	Until recently, there have been very few studies exploring the neurobiological correlates of SOR. Moreover, existing research has solely focused on alterations in functional connectivity and region-specific activity associated with SOR. Brain regions corresponding to emotion regulation, sensory processing, and the threat response are seen to be hyperactive in individuals with SOR (Green et al., 2013). Notably, the activity in the amygdala and hippocampus were found to be positively correlated with the parent-reported severity of SOR. Furthermore, this significant relationship was observed independent from the anxiety symptoms. These findings suggest that there is a relationship distinct to SOR and activation of these regions compared to the relationship to anxiety symptoms. Additionally, several studies have reported an association between SOR and differential functional connectivity between the amygdala, hippocampus, and other brain regions (Green et al., 2015; Schwarzlose et al., 2023; Wood et al., 2021). Most studies on the differential activation of subcortical regions and the differential functional connectivity have only looked at children with autism spectrum disorder (ASD). Furthermore, there are no known studies on structural cortical differences associated with SOR. Thus, it is presently unknown how SOR might manifest in neurobiological differences in youth without ASD nor how SOR early in life is related to neurobiological differences later in life. 
Present Study
	Despite the high prevalence of anxiety disorders during adolescence, we do not yet have a complete or clear understanding of their potential risk factors earlier in life. A growing body of literature seeks to understand how adverse childhood experiences might inform later life psychopathology, including anxiety. However, these environmental risk factors do not capture instances of behavioral dysregulation that might increase risk for anxiety later in life. Furthermore, findings in structural neuroimaging studies in people with anxiety tend to conflict and tend to not have a within-subjects component to address for heterogeneity between individuals. To address these gaps, the present study followed a large sample at three time points from preschool age to adolescence. Individuals underwent a full psychiatric assessment, undergo structural magnetic resonance imaging (MRI), and complete psychosocial and behavioral functioning inventories. These methods allowed for us to observe the development of an anxiety disorder within-subjects while comparing structural alterations in the brain between-subjects. Through this design, we hoped to understand whether preschool sensory over-responsivity was a risk factor for adolescent anxiety and whether the volumes of the amygdala, hippocampus, and caudate nucleus might moderate this relationship. In order to explore preschool sensory over-responsivity and school age structural brain differences as risk factors for adolescent anxiety, we developed four primary research questions:
1. Is there continuity of anxiety disorders and symptoms from preschool age to adolescent age?
2. Is sensory over-responsivity at preschool age a risk factor for anxiety during adolescence?
3. Do volumes of the amygdala, hippocampus, and/or the caudate nucleus at school age moderate the relationship between preschool anxiety and adolescent anxiety?
4. Do volumes of the amygdala, hippocampus, and/or the caudate nucleus at school age moderate the relationship between preschool sensory over-responsivity and adolescent anxiety?
For the first research question, we hypothesized that the presence of an anxiety disorder at preschool age will be at higher risk for anxiety during adolescence. Given the association between sensory over-responsivity at preschool age and anxiety at school age, for the second research question, we hypothesized that individuals with sensory over-responsivity at preschool age will also be at higher risk for anxiety during adolescence. Third, we hypothesized that volumetric differences in the subcortical regions coupled with preschool anxiety will lead to differential risk for anxiety, meaning these structural differences moderate the relationship. Specifically, we hypothesized that larger volumes of the amygdala and reduced volumes of both the hippocampus and caudate nucleus at school age coupled with preschool anxiety will lead to a notably higher risk for adolescent anxiety. Fourth, we hypothesized that volumetric differences in the subcortical regions coupled with preschool sensory over-responsivity will lead to differential risk for anxiety. Specifically, we hypothesized that a larger volume of the amygdala and reduced volumes of both the hippocampus and caudate nucleus at school age in adolescents who had preschool sensory over-responsivity coupled will lead to a notably higher risk for adolescent anxiety. 
Finally, we planned to conduct two sets of exploratory analyses. First, we planned to conduct follow-up exploratory analyses to look for lateralized effects of the brain regions in the existing models. Second, we planned to conduct follow-up exploratory analyses to investigate how both anxiety disorders and sensory over-responsivity at preschool age might interact with the subcortical regions of interest with total psychopathology during adolescence as an outcome. 
Methods
Introduction
	The study design and methods were approved by both the Duke University School of Medicine (Duke) and the University of North Carolina at Chapel Hill (UNC) Institutional Review Boards (IRB). Prior to the initiation of the first study phase, the Duke Preschool Anxiety Study (DPAS), and the second study phase, the Learning about the Development Brain (LADB) study, the legal guardian signed informed consent forms approved by the Duke IRB. Finally, prior to the third study phase, the Study of Toddler to Teenage Anxiety and Resiliency (STTAR), the legal guardian signed informed consent forms, and the child signed assent forms. Both forms were approved by both the Duke and UNC IRBs. The sample used for the present analyses included participants involved in a multi-phase longitudinal study assessing mental health in a large sample starting at preschool age. In Appendix A, Figure 2 depicts the design of these three linked studies from which this sample was drawn.
Baseline Sample (N = 917): Duke Preschool Anxiety Study (DPAS)
	A representative sample of children from Durham, North Carolina were recruited through primary care clinics as part of the DPAS study. The DPAS study was a population-based, screen-stratified study of anxiety in children ages two to five years old, meaning that participants that screened at-risk for anxiety were overrepresented in the final sample. Inclusion criteria for DPAS required the child to be between 24 and 71 months old and receive a pediatric clinical exam during the screening period. Exclusion criteria for DPAS included: (i) the child was not accompanied by a parent or legal guardian who could provide informed consent, (ii) the parent or legal guardian lacked adequate English language fluency to complete the screen, (iii) the child was known to have an IQ less than 70, a diagnosis of autism spectrum disorder (ASD), or the presence of a pervasive developmental disorder, (iv) the child’s sibling was participating in the study, and (v) the provider deemed the child too medically ill at the visit for the parent to be approached about the study. Detailed descriptions of the diagnostic assessments used to determine eligibility and the rationale for inclusion criteria have been explained elsewhere (Egger et al., 2006; Franz et al., 2013; Zucker et al., 2015). 
DPAS was a three-part study that included a screening phase (N = 3433), an in-home psychiatric assessment phase (N = 917), and a case-control multimodal laboratory phase including questionnaires, observational, and experimental measures (N = 502) (Franz et al., 2013). In the screening phase, children were screened into the study using a 10-item questionnaire developed to assess risk for anxiety disorders according to data from a previous study (Egger et al., 2006). Children screened positive if the parent endorsed at least 4-items from the 10-item screening questionnaire. All children with a positive screen and a random sample of children who did not screen high were recruited for the in-home assessment portion of the study, allowing for DPAS to better understand the prevalence of common psychiatric disorders in preschool-age children. Results from this sample of children were unbiased and representative of the screen because weights inversely proportional to selection probability were utilized (Pickles et al., 1995). In other words, observed effects were adjusted to account for the oversampling of anxiety disorders in the sample. Children from the in-home assessment phase who screened positive were similar to children who did not screen positive for anxiety with respect to sex (χ2 = 0.37, p = 0.54) or age (t(908 = 1.50, p = 0.13) (Carpenter et al., 2019). They did, however, differ with respect to their race (χ2 = 11.59, p < 0.001) such that significantly more white children screened as low risk. Table 1 describes the demographic characteristics of the 917 children who participated in the in-home assessment portion of the study.
	The Preschool Age Psychiatric Assessment (PAPA; described further in the Instruments Relevant to Hypotheses section) was used to determine whether a child met the diagnostic criteria for a mental health disorder. Every child who met the criteria for generalized anxiety disorder (GAD), separation anxiety disorder (SAD), and/or social anxiety/phobia were invited to participate in the laboratory assessment phase of the study, which comprised 327 children. A total of 254 children with anxiety participated in and completed the laboratory assessment phase of the study. A random sample of 248 children who did not meet the criteria for GAD, SAD, and/or social anxiety/phobia were also invited to participate in the laboratory assessment phase of the study. Of the 502 children who participated in this phase of DPAS, the children who met criteria for anxiety were similar in age, sex, and race to children who were included without meeting the criteria for anxiety. 
School Age Longitudinal Follow-Up Sample (N = 208): The Learning About the Developing Brain Study (LADB)
	The Learning About the Developing Brain Study (LADB) was a five-year longitudinal follow-up study of the Duke Preschool Anxiety Study. It intended to better understand anxiety brain development in early childhood and collected data yearly over five waves of data collection. During each yearly wave, each child participated in a laboratory visit which included a multi-modal series of questionnaires and observational measures aimed as assessing a child’s temperament characteristics and social competence. The temperament characteristics included measures of negative affectivity and effortful control. Additionally, the laboratory visit included measures of parent-child interactions and a full assessment of parental psychiatric history. After the child turned 6 years old, they became eligible for a follow-up clinical assessment using the Preschool Age Psychiatric Assessment (PAPA) and an assessment of intellectual functioning using the Differential Abilities Scale (DAS). 
	A total of 452 subjects who participated in phase three, the laboratory-based case-control phase of the Duke Preschool Anxiety Study, were eligible to participate in the LADB study. Subjects were eligible if they were between the ages of four and eight during the first wave of data collection and met the same inclusion/exclusion criteria in the Duke Preschool Anxiety Study. As a result of these criteria, there were 50 children who were ineligible to participate in the follow-up. Specifically, 38 children were below the age of four, two children were above the age of eight, six children had moved out of the state and could not come to study visits, two children had habitually failed to come to appointments during the Duke Preschool Anxiety Study, one child was excluded because of a physical disability which kept the child from performing tasks required by LADB, and one child was excluded due to an IQ below 70. 
	Recruitment for the first wave of LADB data collection took place over a period of 20 months. Families were contacted on a rolling basis over this period until recruitment goals were met. A random sample of 309 out of 452 eligible children were contacted about participation in the study. Out of the 309 families, we were unable to reach and/or schedule visits with 67 families, 15 families refused to participate, and 19 families were scheduled but failed to attend their laboratory appointments. The final sample size for the LABD study consisted of 208 children between four and eight years old. A total of 127 (61%) children in this sample of 208 met the criteria for an anxiety disorder during the initial Duke Preschool Anxiety Study when they were two to five years old. 
	The LABD study included a brain imaging component using magnetic resonance imaging (MRI). There were additional inclusion criteria for children to be eligible for the MRI component of LABD such that children had to be at least five and a half years old and successfully complete mock scanner training before the end of recruitment. The original eligibility age was set to six years old, but after successful scanning of children at or above six years old, we elected to attempt MRI scans of an expanded age range. After this trial period of an expanded set of ages, we discovered that we could reliably scan children at or above five and a half years old, which is the rationale of the eligibility age. A total of 61 children did not elect to participate in an MRI scan, 14 were ineligible because of excessive movement during training, six were too young and did return to participate upon reaching five and a half years old, five children had medical concerns that could prevent a safe MRI (e.g., metal in the body), two could not be reached during recruitment, and one was excluded because of IQ below 70. This brought the total number of children who did not complete the MRI to 89 children. Of the remaining 119 children, seven did not show up for their MRI appointment, seven attempted but did not complete the scan, and four scans were completed but unusable. In total, 101 children completed a usable structural MRI scan.
	Mock scanning protocol. Children who came to the laboratory and were eligible for an MRI scan completed a mock scanning training session to assess whether they wanted to participate in the MRI session and their ability to remain still during the scanning protocol. The mock scanner was located in a child-friendly laboratory where the other assessments of LADB were conducted. The MRI simulation system included the mock MRI scanner, a goggle-based auditory and visual stimulus presentation and data recording system, and a head-movement monitoring system. 
	The simulator protocol was designed to teach children the necessity of remaining still during the actual MRI scan and to desensitize them to the sounds and procedures during a real MRI scanning protocol. After the child was acclimated to the mock scanner and explained what to expect, the child was placed in the mock scanner and began a brief five minute “target practice” head motion training game. During this game, the child was explained that a black cross on the computer screen would represent their head, and that their goal was to remain still. The child would achieve this goal by keeping the black cross contained in a yellow portion of a target that was also projected on the screen. After the “target practice” game, the child was told that they would be allowed to watch part of a movie, but that they had to maintain the goal of being still. If the child moved outside of the yellow “target zone” at any point during the ten-minute movie clip, the movie would be paused, and the child would be presented with the target image again. The movie remained paused until the child placed their head back into the yellow “target zone.”
	If the child could complete the mock scanner training, then they were scheduled for the actual MRI scan. To reacclimate the child to the scanning environment on the day of their MRI scan, each child completed an additional short mock training session at a separate mock scanning facility located in the hospital adjacent to the actual MRI scanner.
	MRI Acquisition and Processing. A high-resolution T1-weighted anatomical scan was obtained for structural imaging data using a 3D-FSPGR sequence with SENSE (Voxel size: 1mm3; Repetition time: 8.096ms; Echo time: 3.18ms; Inversion time: 450ms; Field-of-view: 25.6cm; Interleaved-odd acquisition).  All imaging data were processed with FSL version 5.98 using standard procedures.
Adolescent Longitudinal Follow-Up Sample (current N = 210): The Study of Toddler to Teenage Anxiety and Resiliency (STTAR)
	Children were eligible for the Study of Toddler to Teenage Anxiety and Resiliency (STTAR) if they participated in the original in-home portion of the Duke Preschool Anxiety Study.  Participants were recruited to take part in a longitudinal follow-up study of adolescent brain development, anxiety disorders, and identifying factors of risk and resilience. The parent or legal guardian of the 917 eligible participants were contacted and invited to participate in STTAR. Parents of children below the age of 18 are asked whether their child would like to participate in addition to them. If the “child” is at or above the age of 18, they are separately contacted for participation. Both the parent and their child can be enrolled in the study separately, but if consent is obtained for both, they are considered a dyad. Of the 917 dyads at the time of data analysis (March 16, 2023), 210 children have completed at least the online questionnaire study phase and are reported here. Of these 210 children, 81 (approximately 38.6%) met the criteria for an anxiety diagnosis when they were two to five years old established and 58 (approximately 27.6%) met the criteria for sensory over-responsivity in at least one domain in the Duke Preschool Anxiety Study. Demographic characteristics of the 210 children included in data analysis are provided in Table 2.
	STTAR is split into three study phases. Before the initiation of the first phase, if the adolescent is below the age of 18, informed consent is obtained from the parent or legal guardian and assent is obtained from the adolescent. If the adolescent is at or above the age of 18, then informed consent is obtained by both the adolescent and their parent or legal guardian. If an adolescent turns 18 after initiating the first phase but before study completion, then informed consent of the child is obtained before continuing study participation. During the first phase of STTAR, the participants complete several online questionnaires, including assessments of adolescent’s behavioral and psychosocial functioning along with assessments of their demographic and environmental characteristics. During the second phase of STTAR, the participant is interviewed using the Child and Adolescent Psychiatric Assessment (CAPA), which obtains self- and parent-report information about the adolescent’s current psychiatric symptoms (Angold et al., 1995). Additionally, the adolescent is interviewed with the Childhood Experience of Care and Abuse (CECA) interview after they complete the CAPA interview (Bifulco et al., 1994). During the third and final phase of STTAR, the child undergoes structural and functional magnetic resonance imaging (MRI). The first and second study phases are completed separately and independently by the parent and the adolescent. Only adolescents receive an MRI in the third study phase. In cases where only one member of the dyad consents to participation, data can be utilized from the single informant. STTAR is still in active data collection, so only data from the first phase (online questionnaires) is used in the present analyses. 
Instruments Relevant to Present Analyses
Preschool Age Psychiatric Assessment (PAPA). The Preschool Age Psychiatric Assessment (PAPA) was administered during the in-home assessment phase of the Duke Preschool Anxiety Study when the children were two to five years old. It is a comprehensive parent/caregiver-report interview that assesses symptoms for a range of psychiatric disorders in preschool-aged children. Questions are split into sections, which are shown in Appendix B.1. During the Duke Preschool Anxiety Study, interviewers were trained to fidelity through a multi-step process, including a two-week classroom training on the instrument, which was followed by live observation by the trainer during at least four on-study interviews. Once this was complete, each interviewer conducted a minimum of ten on-study interviews that were recorded and watched by the trainers, who provided the trainee with structured comments and feedback on both the administration and the scoring of the PAPA. Every interview was checked by an expert interviewer to ensure fidelity to the instrument glossary. Audio from an interview was randomly selected once per week to be reviewed by the entire study team to prevent interview drift and maintain the fidelity of coding. 
	A study of the test-retest reliabilities of the PAPA concluded that the diagnostic reliability of the PAPA is on par with those achieved by the older child, adolescent, and adult psychiatric interviews, with kappas ranging from 0.36 to 0.79 (Egger et al., 2006). Furthermore, test-retest intraclass correlations for the fourth edition of the Diagnostic and Statistical Manual (DSM-IV) syndrome scale scores ranged from 0.56 to 0.89. The mean test-retest interval was 11 days, and the second interview was completed by a new interviewer who was blind to the results of the first interview. Thus, there is reasonable concordance between interviews done within two weeks of one another by different interviewers. 
	For the present study, the PAPA was used to evaluate anxiety and sensory over-responsivity at preschool age. Children were identified as either (A) meeting both symptom and impairment criteria for generalized anxiety disorder (GAD), separation anxiety disorder (SAD), and/or social anxiety/phobia (disorder present) or (B) not meeting criteria for these three anxiety disorders (disorder absent). To avoid categorizing normative fears as anxiety, impairment from anxiety was required for a child to be categorized into the “disorder present” group. Although the PAPA measures several additional anxiety disorders (e.g., panic disorder, obsessive-compulsive disorder, etc.), the current study focuses exclusively on GAD, SAD, and social anxiety/phobia. Sample items from the anxiety section of the PAPA are shown in Appendix B.2. 
	Children were identified as having sensory over-responsivity and coded “2” if a sensory experience (e.g., being touched) resulted in the child becoming emotionally upset, the child becoming physically aggressive, or the child physically withdrawing. Children were identified as not having sensory over-responsivity and coded “0” if there was no evidence of a sensory experience resulting in the child becoming emotionally upset, physically aggressive, or physically withdrawn. Sensory over-responsivity was measured in response to nine sensory experiences: (1) physical contact with other people; (2) contact with fabrics, clothes tags, etc.; (3) contact with food textures; (4) visual experiences (e.g., reaction to bright or harsh lights); (5) auditory experiences (e.g., loud or high-pitched noises); (6) olfactory experiences; (7) tastes; (8) sensations of motion; and (9) any other sensory experiences. 
	Youth Self-Report (YSR) and Adult Self-Report (ASR). The Youth Self-Report (YSR) and Adult Self-Report (ASR) were both used during the first phase of the Study of Toddler to Teenage Anxiety and Resiliency (STTAR). Both questionnaires are self-report and are consequently not administered to parents. The YSR was completed by adolescents who are under the age of 18, and the ASR was completed by adolescents at or above the age of 18. The YSR consists of 112 items and the ASR contains 126 items, and both asked participants to rate a series of statements on a 3-point scale (0 – Not True, 1 – Somewhat or Sometimes True, and 3 – Very True) (Achenbach, 2001; Achenbach & Rescorla, 2003). Both the YSR and ASR aimed to assess psychosocial and behavioral functioning and provide a total score plus a variety of subscale scores. These subscale scores included broader categories of psychopathology, such as an internalizing score, externalizing score, and a substance use score, as well as DSM-oriented scales, such as an anxiety problems score and depressive problems score. Both the YSR and ASR included total problems scales, which comprise internalizing problems, externalizing problems, and other instances of behavioral problems in a single score. The YSR has been found to have generally very high test-retest reliability, with coefficients between 0.68 and 0.91, and high internal consistency, with a  Cronbach’s alpha of 0.88 for externalizing and internalizing scales and 0.93 across DSM-oriented scales (Achenbach, 2001; Ebesutani et al., 2011). The ASR has been found to have generally very high test-retest reliability, with coefficients between 0.71 and 0.99, and high internal consistency, with Cronbach’s alpha ranging from 0.51 to 0.97 with most alpha values greater than 0.70 (Achenbach & Rescorla, 2003). 
Because the ASR and YSR contain a different number of items, scores for data analyses were standardized with T scores. The present study utilized the internalizing problems subscale score as a measure of anxiety, in line with a growing body of research on transdiagnostic risk factors. This line of research proposes that certain risk factors might cut across diagnoses and could explain the etiological overlap between disorders – particularly the internalizing symptoms associated with anxiety disorders and depressive disorders (Barlow et al., 2004; Egan et al., 2011; Kranzler et al., 2016; McLaughlin et al., 2011).  The internalizing problems score was used to create a continuous measure of anxiety severity, with higher scores indicating increased difficulties associated with internalizing problems. Additionally, we created a dichotomous internalizing disorder variable, such that the presence of an internalizing disorder, coded “1”, corresponded with a standardized T score greater than 65, whereas the absence of an internalizing disorder, coded “0”, corresponded with a standardized T score less than or equal to 65. Appendices B.3 and B.4 contain sample items for the YSR and ASR, respectively. 
Data Analysis
All models were run in Statistical Analysis Software (SAS).
First, we sought to verify the continuity of anxiety disorders from preschool to adolescence. The proportion of children who met the criteria for an anxiety disorder in the preschool period who scored in the clinical range (T > 65) for the internalizing subscale score were tested using chi-square statistics. Second, we sought to understand whether preschool sensory over-responsivity is significantly related to adolescent anxiety. The proportion of children who had sensory over-responsivity at preschool age and scored in the clinical range (T > 65) for the internalizing behaviors subscale score were tested using chi-square statistics. Additionally, we used a general linear model to investigate whether preschool anxiety or preschool over-responsivity are related to the continuous measure of internalizing problems. 
We also aimed to understand whether the bilateral volumes of the amygdala, hippocampus, and caudate nucleus at school age each moderate the association between preschool anxiety and adolescent anxiety. We utilized PROC GLMs for these analyses, each focusing on one of the brain regions of interest: (1) the amygdala, (2) the hippocampus, and (3) the caudate nucleus. Each model searched for significant main effects of both the bilateral structural volume at school-age and the presence of an anxiety disorder at preschool age, while also looking for any interaction effects between these variables on the continuous internalizing behavior subscale score during adolescence. The covariates of this model included age, sex at birth, and total cranial volume as controls. If any findings are at or approaching statistical significance, where significance is defined as a p-value less than 0.05, we plan to conduct exploratory analyses to determine if an effect is lateralized to the left or right volume of the subcortical structure. Then, we repeated the same GLM approach with preschool sensory over-responsivity as a main effect instead of a preschool anxiety diagnosis. Given that these were preliminary analyses, we did not correct for multiple comparisons in the present analyses. 
Results
Main Analyses
The first set of analyses conducted assessed the diagnostic continuity of anxiety disorders from preschool age to adolescence. There was a nonsignificant relationship observed between the presence of an anxiety disorder at preschool age and the presence of clinical-level internalizing problems during adolescence (χ2 (1, N=210) = 0.28, p = 0.60,  = -0.04). The exact chi-square breakdown is shown in Appendix A, Table 3. The GLM between the presence of anxiety at preschool age related to the continuous internalizing problem score was nonsignificant (F(1, 208) = 0.22, p = 0.64). 
The second set of analyses aimed to assess whether there is an association between sensory over-responsivity (SOR) at preschool age and the presence of clinical-level internalizing problems during adolescence and found a nonsignificant relationship (χ2 (1, N=210) = 1.79, p = 0.18,  = 0.09). The exact chi-square breakdown is shown in Appendix A, Table 4. The GLM between the presence of sensory over-responsivity at preschool age related to the continuous internalizing problem score was nonsignificant but approaching significance (F(1, 208) = 3.55, p = 0.06), such that those with preschool sensory over-responsivity had marginally higher internalizing scores (see Appendix A, Figure 3). 
To understand how bilateral subcortical volumes of the amygdala, hippocampus, and caudate nucleus at school age influence risk factors for adolescent anxiety, we built separate GLMs for the effects of bilateral volumes for each subcortical region of interest on the adolescent internalizing problem score. These models included sex, age, and total cranial volume at school age as covariates for control. The first model analyzing the effect of bilateral amygdala volume at school age on adolescent internalizing problems score was nonsignificant (Type III SS = 188.00, F(1, 34) = 1.91, p = 0.18). The second model analyzing the effect of bilateral hippocampus volume at school age was approaching significance (Type III SS = 348.27, F(1, 34) = 3.71, p = 0.06). The third model analyzing the effect of bilateral caudate nucleus volume at school age was nonsignificant (Type III SS = 12.00, F(1, 34) = 0.12, p = 0.74).
	The third set of analyses we conducted added the effect of preschool anxiety and the interaction between preschool anxiety and the respective region’s subcortical volume into each model. These GLMs were used to determine the influence of the bilateral volumes of the amygdala, hippocampus, and caudate nucleus at school age on any relationship between preschool anxiety and the severity of adolescent internalizing problems. In the model using bilateral amygdala volume at school age, there was a nonsignificant main effect of preschool anxiety (Type III SS = 176.51, F(1, 32) = 1.85, p = 0.18) and a nonsignificant main effect of bilateral amygdala volume (Type III SS = 120.08, F(1, 32) = 1.26, p = 0.27). Moreover, the interaction between bilateral amygdala volume and preschool anxiety was nonsignificant (Type III SS = 144.11, F(1,  32) = 1.51, p = 0.23). In the model using the bilateral hippocampus volume, there was a nonsignificant main effect of preschool anxiety (Type III SS = 60.83, F(1, 32) = 0.65, p = 0.43) and the main effect of bilateral hippocampus volume was approaching significance (Type III SS = 328.25, F(1, 32) = 3.50, p = 0.07). The interaction between bilateral hippocampus volume and preschool anxiety was nonsignificant (Type III SS = 43.91, F(1, 32) = 0.47, p = 0.50). In the model using the bilateral caudate nucleus volume at school age, there was a nonsignificant main effect of preschool anxiety (Type III SS = 1.55, F(1, 32) = 0.02, p = 0.90) and a nonsignificant main effect of bilateral caudate nucleus volume (Type III SS = 56.07, F(1,32) = 0.55, p = 0.47). The interaction between bilateral caudate nucleus volume and preschool anxiety was also nonsignificant (Type III SS = 0.73, F(1, 32) = 0.01, p = 0.93). 
The fourth set of analyses that were conducted included GLMs to determine the influence of the bilateral volumes of the amygdala, hippocampus, and caudate nucleus at school age on any relationship between preschool SOR and the severity of adolescent internalizing problems. These were the same GLMs as the third set of analyses, but they substituted preschool SOR for preschool anxiety. In the model using bilateral amygdala volume at school age, there was a nonsignificant main effect of preschool SOR (Type III SS = 45.91, F(1, 32) = 0.44, p = 0.51) and a nonsignificant main effect of bilateral amygdala volume (Type III SS = 209.85, F(1, 32) = 2.03, p = 0.16). Moreover, the interaction between bilateral amygdala volume and preschool SOR was nonsignificant (Type III SS = 42.49, F(1, 32) = 0.41, p = 0.53). In the model using the bilateral hippocampus volume, there was a nonsignificant main effect of preschool SOR (Type III SS = 85.81, F(1, 32) = 0.89, p = 0.35), but a significant main effect of bilateral hippocampus volume (Type III SS = 423.10, F(1, 32) = 4.40, p = 0.04). The interaction between bilateral hippocampus volume and preschool SOR was nonsignificant (Type III SS = 77.69, F(1, 32) = 0.81, p = 0.38). In the model using the bilateral caudate nucleus volume at school age, there was a nonsignificant main effect of preschool SOR (Type III SS = 32.79, F(1, 32) = 0.30, p = 0.59) and a nonsignificant main effect of bilateral caudate nucleus volume (Type III SS = 28.91, F(1, 32) = 0.27, p = 0.61). The interaction between bilateral caudate nucleus volume and preschool anxiety was also nonsignificant (Type III SS= 27.81, F(1, 32) = 0.26, p = 0.62). 
Exploratory Analyses
	Since the GLM looking at the sole effect of bilateral hippocampus volume controlling for age, sex, and total cranial volume at time of scan (without preschool anxiety, preschool SOR, or any interactions as covariates) was approaching significance, we decided to separately investigate the effects of the left and right hippocampus volume at school age on the severity of internalizing problems during adolescence. There was a significant effect of the left hippocampus volume at school age on the severity of internalizing problems during adolescence (Type III SS = 528.72, F(1, 34) = 5.97, p = 0.02), such that decreased left hippocampus volume at school age was associated with higher internalizing scores during adolescence. Thus, we added preschool anxiety and the interaction between left hippocampus volume at school age and preschool anxiety to the model. Only the main effect of left hippocampus volume was significant (Type III SS = 470.30, F(1, 32) = 5.29, p = 0.03). Next, we substituted preschool SOR for preschool anxiety in this model. We found that the main effect of the left hippocampus volume remained significant (Type III SS = 747.43, F(1, 32) = 8.68, p = 0.01), but all other effects were nonsignificant. A graphical representation of this GLM is shown in Appendix A, Figure 4. We repeated the same process with the right hippocampus volume at school age, but all effects in this model were nonsignificant. 
	Additionally, the Youth Self-Report (YSR) and Adult Self-Report (ASR) include a total problems score. We decided to test each brain volume moderation model with the total problem score during adolescence as the outcome variable rather than internalizing problem score. We conducted these analyses using GLMs, adding covariates of age, sex at birth, and total cranial volume at school age as control. Many of these findings were nonsignificant. However, in the model looking at the main effects and interaction of preschool sensory over-responsivity and bilateral amygdala volume at school age, the main effect of bilateral amygdala volume was approaching significance (Type III SS = 237.19, F(1, 32) = 3.33, p = 0.08). Thus, we decided to separate the effects of the left and right amygdala volume at school age in the model with preschool SOR. All effects in the model including the left amygdala volume were nonsignificant. However, the main effect of right amygdala volume at school age was approaching significance (Type III SS = 268.71, F(1, 32) = 3.86, p = 0.06) and the main effect of preschool SOR was approaching significance (Type III SS = 249.96, F(1, 32) = 3.59, p = 0.07). Additionally, the interaction between right amygdala volume and preschool SOR was approaching significance (Type III SS = 251.15, F(1, 32) = 3.61, p = 0.07). While this was nonsignificant, the right amygdala volume at school age seemed to be related to adolescent total problems score, but only in individuals with preschool SOR. Specifically, a decreased right amygdala volume at school age in individuals with preschool SOR was trending towards a higher total problems score during adolescence. Appendix A, Figure 5 graphically depicts this GLM. 
	Next, we used GLMs to understand these relationships with respect to the hippocampus. Only main effects and interaction of preschool SOR and bilateral hippocampus volume at school age showed marginally significant effects with adolescent total problems as the outcome variable. More specifically, the main effect of bilateral hippocampus volume was approaching significance (Type III SS = 261.00, F(1, 32) = 3.65, p = 0.07), and the main effect of preschool SOR was marginally significant (Type III SS = 306.83, F(1, 32) = 4.29, p = 0.05). The interaction between bilateral hippocampus volume and preschool SOR was also marginally significant (Type III SS = 298.65, F(1, 32) = 4.17, p = 0.05). Thus, we created separate GLMs for the left and right hippocampus volumes at school age. Only effects for the model with the left hippocampus volume were significant. The main effect of left hippocampus volume was significant (Type III SS = 476.11, F(1, 32) = 7.44, p = 0.01) and the main effect of preschool SOR was significant (Type III SS = 503.84, F(1, 32) = 7.88, p < 0.01). The interaction between the two variables was significant (Type III SS = 493.02, F(1, 32) = 7.71, p < 0.01). Individuals with higher total problems scores during adolescence had significantly decreased left hippocampus volumes at school age, but only if they had preschool SOR. Left hippocampus volume at school age did not appear to influence total problems score during adolescence in individuals without preschool SOR. Appendix A, Figure 6 graphically depicts this GLM. 
	 Finally, we created a model to understand the main effects and interaction of preschool SOR and bilateral caudate nucleus volume at school age with adolescent total problems as the outcome variable. However, all statistics in this exploratory model were nonsignificant. 
Discussion
Key Findings and Interpretations
	The present study primarily aimed to understand the relationship between sensory over-responsivity (SOR) at preschool age and anxiety disorders during adolescence. In this process, anxiety disorder continuity from preschool age to adolescence was also investigated. Additionally, we aimed to investigate whether the volumes of the amygdala, hippocampus, and caudate nucleus at school age moderate the association between preschool anxiety and adolescent anxiety and the association between preschool SOR and adolescent anxiety. Our first hypothesis that anxiety disorders at preschool age would be associated with anxiety during adolescence was not supported. This seems to go against existing literature suggesting that anxiety disorders follow a pervasive and chronic course across the lifespan (Bandelow & Michaelis, 2015; Copeland et al., 2014). However, existing studies on the epidemiological course of anxiety disorders do not focus on anxiety disorders with a preschool-onset, but rather those appearing during adolescence and young adulthood. It is possible that anxiety disorders appearing very early in life have heterotypic continuity, and thus are related to other diagnostic categories later in life. Although the present study operationalized anxiety during adolescence as a clinical range on the internalizing problems score, this construct captures symptoms of anxiety and depression. Thus, if anxiety disorders at preschool age were associated with anxiety during adolescence, we would expect a significant relationship with the internalizing problems score during adolescence. Furthermore, this finding could suggest that there are protective factors in the current sample explaining why individuals no longer have difficulties with anxiety during adolescence. 
	Our second hypothesis that preschool SOR would be associated with adolescent anxiety was also not supported. While one study found a relationship between preschool SOR and school age anxiety, our findings suggest that this relationship does not hold true into adolescence (Carpenter et al., 2019). In accordance with the possible explanation for the lack of anxiety diagnostic continuity, it is possible that there are protective factors preventing anxiety from continuing from school age into adolescence. One possibility is that as individuals get older, they develop strategies to regulate their anxiety, moving them out of a clinical range. Additionally, we analyzed the relationship between preschool SOR and the internalizing problems score at adolescence as a continuous measure, which was marginally significant. While additional studies are needed, this suggests that it might be possible that individuals who had preschool SOR still have anxiety-related difficulties during adolescence, but not always reaching a clinical level. If this is true, preschool SOR would remain a risk factor for anxiety-related concerns later in life. 
	The third set of hypotheses that the diagnostic continuity between anxiety from preschool age to adolescence would be moderated by the bilateral volumes of each the amygdala, hippocampus, and caudate nucleus at school age were not supported. However, these findings might suggest that there are different time points across development outside of school age driving a relationship between preschool anxiety and adolescent anxiety. The age range of participants during the structural scans was broad (five to ten years old). Thus, any effect that might exist at a particular age might be missed in this data. Furthermore, it is possible that volumetric differences in these three brain regions simply do not have a moderating role in this relationship between preschool and adolescent anxiety. 
The fourth set of hypotheses that the relationship between preschool SOR and adolescent anxiety would be moderated by the bilateral volumes of each the amygdala, hippocampus, and caudate nucleus at school age were not supported. Similar to the previous hypothesis, it is possible that volumetric differences might be relevant at a different time point or that other regions could be implicated in a moderating relationship. Although a main effect of bilateral hippocampus volume was observed in this model with preschool SOR, this was not true before preschool SOR was included in the model. Thus, the role of the bilateral hippocampus volume during school age on adolescent anxiety is still unclear and requires further investigation. Similar to the findings related to the third set of hypotheses, these findings could be explaining by the wide age range in participants during the structural scan at school age. These findings could also suggest that bilateral volumes of these subcortical structures at school age do not influence the relationship between preschool SOR and adolescent anxiety.
Exploratory Findings and Interpretation
	Because a main effect of bilateral hippocampus volume at school age on adolescent internalizing behavior was approaching significance, we decided to explore this relationship and determine whether this relationship was lateralized to the left or right hippocampus. A decreased left hippocampus volume at school age was associated with a higher adolescent internalizing problems score. This finding suggests that decreased left hippocampus volume at school age could be a risk factor for adolescent anxiety. However, these analyses were only exploratory and would need to be verified. Furthermore, internalizing problems scores captures symptoms of both anxiety and depression. Thus, left hippocampus volumes at school age cannot presently be linked to only anxiety symptoms, because depression symptoms are also captured with this operationalization. In summary, more studies are needed to determine whether anxiety and internalizing problems might be localized to structural alterations in the left hippocampus. One such study has linked higher internalizing problems to a smaller left hippocampus, but this has still not been done longitudinally across childhood and adolescence (Koolschijn et al., 2013). Furthermore, more research should seek to understand why this lateralization is observed. It is possible that there are distinct anatomical structures or functional correlates lateralized to the left side of the hippocampus that are related to internalizing problems. Most studies on functional lateralization in the hippocampus utilize mouse models and focus on examining spatial memory, but one study has noted that autobiographical memory and memory of people appear to be lateralized to the left hippocampus (Burgess et al., 2001). However, these studies do not link these functions to internalizing problems. Consequently, more research is necessary.
	Additionally, we looked at models using the continuous total problems score as the outcome. Higher scores on the total problems subscale of the Youth Self-Report and Adult Self-Report indicate more internalizing problems, externalizing problems, and general dysregulation (Achenbach, 2001; Achenbach & Rescorla, 2003). In the model of preschool SOR to adolescent total problems score moderated by amygdala volume, we saw that the main effects bilateral amygdala volume and preschool SOR diagnosis were marginally significant, but not statistically significant. Specifically, we observed a trend in which a decreased right amygdala volume at school age was linked to general dysregulation during adolescence, but only in individuals with preschool SOR. However, these findings must be explored further since they are not presently significant and do not reflect the full longitudinal sample. As the STTAR sample size increases, an effect could be observed.
Next, we investigated the model of preschool SOR to adolescent total problems score moderated by hippocampus volume. Only the model including left hippocampus volume at school age yielded significant findings. Individuals with increased general dysregulation during adolescence had significantly decreased left hippocampus volumes at school age, but only if they had preschool SOR. Although these findings were exploratory and need to be further investigated and validated, they offer promise as a potential risk model for adolescent dysregulation. 
Strengths and Limitations
	There are numerous strengths in the present study. First, the study adds to the little, but growing literature on the relationship between SOR and psychopathology outside of autism spectrum disorder. Since preschool SOR has been linked to various forms of psychopathology at school age, this study was critical in understanding whether the relationship with anxiety disorders holds true later in life (Carpenter et al., 2019). Second, the study utilizes a large longitudinal sample, which allows us to compare within- and between-groups across time, giving the study increased statistical power and increased internal validity compared to similar cross-sectional research. Our primary aim was to better understand whether SOR could be a risk factor for adolescent anxiety, and a longitudinal study allows us to observe how psychopathology develops within an individual. Furthermore, the longitudinal design allowed us to look at how structural differences during youth correspond to later life psychopathology, whereas other research focuses on whether structural differences exist in individuals with and without certain forms of psychopathology. Additionally, the study utilizes a racially and ethnically diverse sample aimed to reflect the local demographics in Durham, North Carolina where participants were recruited. 
	Nevertheless, the present study had several limitations. First, there is a wide age range in the sample during the adolescent follow-up study (STTAR). The timing of completing the youth self-report or adult self-report assessment could influence the issues that they are reporting. For example, the problems a participant might self-report about the prior six months at 15 years old could be very different from what they might report about the prior six months at 22 years old. While a 15-year-old still lives at home, a 22-year-old could be living away from their primary caregivers and expected to work to support themselves. Thus, the effect of timing could influence whether we are gathering a true representation of adolescent anxiety. Furthermore, we utilized the internalizing problems score at adolescence to operationalize adolescent anxiety. However, internalizing problems capture issues beyond anxiety disorders, making it possible that any observed relationship might be related to depressive problems or other internalizing problems outside of anxiety. Additionally, the sample of individuals who received an MRI at school-age was much smaller than those that did not receive an MRI. This decreases the external validity of any findings related to the subcortical structural volumes. No analyses in the present study correct for multiple comparisons. We elected not to correct because these are preliminary findings, and plan to correct for multiple comparisons once more participants complete the STTAR follow-up. Finally, the re-recruitment efforts into the adolescent follow-up study (STTAR) remain ongoing. It is possible that there were differences in participants who were easily contacted and enrolled in the study compared to those that are difficult to contact and not yet enrolled in STTAR. 
Future Directions
	Although this study had several strengths and contributes to the growing knowledge of sensory over-responsivity and risk for anxiety, there are numerous areas for further study, First, we plan to repeat these analyses after more participants have been re-recruited into the adolescent follow-up study (STTAR). This will help reduce any sampling bias or differences in participants who are easier to recruit and re-enroll compared to those who are more difficult to recontact. Second, we plan to redo these analyses with a more specific measure of anxiety through the Child and Adolescent Psychiatric Assessment (CAPA). The CAPA parallels the Preschool Aged Psychiatric Assessment (PAPA) used to establish both preschool-aged SOR and anxiety, and thus, would help maintain consistency across longitudinal waves in the study. Furthermore, the CAPA would target anxiety disorders specifically instead of internalizing problems broadly and allow us to observe effects of preschool SOR on distinct anxiety disorder diagnoses (e.g., generalized anxiety disorder). 
	Future studies should seek to verify our exploratory findings related to lateralized structural subcortical volumes. This would allow researchers to better localize risk factors for anxiety with specific areas of the brain. Additionally, given that researchers have been doubtful about relationships between structural volume differences at a single point in development and psychopathology, we hope to analyze whether there are distinct developmental trajectories in structural growth that could relate to anxiety. For example, amygdala growth might be accelerated during specific developmental periods in individuals with anxiety, but the size might level out by adolescence. 
	Finally, there is a growing literature on early experiences of adversity as potential risk factors for anxiety, and these instances of adversity have been associated with structural alterations in the brain (Elmore & Crouch, 2020; McLaughlin & Sheridan, 2016; Peverill et al., 2023). It could be useful to understand how adversity might interact with preschool SOR to lead to later life psychopathology. Furthermore, a complex model could exist where preschool SOR, instances of adversity, and structural differences in the brain lead to increased risk for psychopathology later in life. Research should explore the potential relationships between these factors to better disentangle the complexity of risk factors for anxiety disorders during adolescence and young adulthood. 
In general, more research must be done on sensory over-responsivity broadly in typically developing children and adults. Most existing studies only look at sensory over-responsivity and various forms of psychopathology in an autistic sample. While these studies are valuable, it is much more difficult to determine the influence of sensory over-responsivity on its own. Moreover, most research on sensory over-responsivity only investigates its prevalence and impairment in young children, but not into adolescence and adulthood. While its prevalence might be lower than in childhood, it is presently unknown. As clinical psychology is shifting away from a categorical approach of psychopathology towards a dimensional approach, sensory over-responsivity remains a valuable area for future research. By understanding how sensory over-responsivity connects to other disorders, we could emphasize how it might operate as a transdiagnostic risk factor in early life for psychopathology generally later in life. The more awareness of risk factors can help direct the development and use of early life prevention and intervention of mental health disorders.
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Appendix A: Tables and Figures
Figure 1
Theoretical Framework for Anxiety Disorder Symptoms Causing Sensory Over-Responsivity
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Note. This has been adapted from Green & Ben-Sasson (2010). 











Figure 2
Longitudinal study design including the Duke Preschool Anxiety Study, Learning About the Developing Brain Study, and the Study of Toddler to Teenage Anxiety and Resiliency
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Note. The Study of Toddler to Teenage Anxiety and Resilience is still in active data collection at time of this manuscript. N values reflect the sample size at the time of data analysis. 
Table 1
Demographic Characteristics of the Baseline Study (DPAS) Participants (N = 917)
	


	
	Sensory Over-Responsivity Present (N = 294, 20.5%)
	Preschool Sensory Over-Responsivity Not Present (N = 624, 79.5%)
	
Statistics

	Age at Baseline
	
	
	

	   Years [Mean (SD)]
	3.84 (0.97)
	3.97 (1.37)
	t(914) = 1.3, p = 0.20

	Sex 
	
	
	

	   Female
	146 (59.4%)
	305 (49.8%)
	χ2 (1) = 5.4, p = 0.02

	   Male
	147 (40.7%)
	319 (50.2%)
	

	Ethnicity/Race
	
	
	

	   Caucasian
	124 (44.9%)
	275 (31.4%)
	
χ2 (3) = 2.2, p = 0.53

	   Black or African American
	109 (35.8%)
	233 (47.4%)
	

	   Hispanic
	35 (10.6)
	69 (13.4%)
	

	   Other
	25 (8.8%)
	57 (7.9%)
	

	Poverty
	
	
	

	   Below Federal Poverty Line
	54 (18.7%)
	114 (10.2%)
	χ2 (1) = 9.6, p < 0.002

	Preschool Anxiety Disorders
	
	
	

	   Any Anxiety
	152 (43.3%)
	175 (13.3%)
	χ2 (1) = 85.6, p < 0.001

	   Generalized Anxiety
	89 (18.9%)
	86 (5.9%)
	χ2 (1) = 32.3, p < 0.001

	   Separation Anxiety
	100 (29.8%)
	94 (5.6%)
	χ2 (1) = 92.9, p < 0.001

	   Social Anxiety/Phobia
	68 (14.4%)
	67 (5.7%)
	χ2 (1) = 16.3, p < 0.001

	Other Preschool Disorders
	
	
	

	   Any Other Disorder
	84 (21%)
	106 (8%)
	χ2 (1) = 24.3, p < 0.001

	
	
	
	


Note. This table is adapted from Carpenter et al. (2019). For rows, apart from age, N values are absolute numbers, and the percentages are weighted back to the original sample of 3,433 children. The statistics column shows the differences between the group with preschool sensory over-responsivity and the group without sensory preschool over-responsivity tested with t-tests chi-square statistics. Numbers in parentheses represent the degrees of freedom in these tests, and p-values are for the weighted analyses. 
Table 2
Demographic Characteristics of Adolescent Follow-Up Study (STTAR) Participants at Time of Data Analysis, Separated by those With and Without a structural MRI scan during the School Age Follow-Up Study (LADB)
	
	With Structural MRI Scan (N = 39, 18.6%)
	Without Structural MRI Scan (N = 171, 81.4%)
	Combined Totals (N = 210)

	Age during STTAR
	
	
	

	   Years [Mean (SD)]
	19.56 (1.21)
	17.67 (1.65)
	18.01 (1.74)

	Sex 
	
	
	

	   Female
	28 (71.8%)
	85 (49.7%)
	113 (53.8%)

	   Male
	11 (28.2%)
	86 (50.3%)
	97 (46.2%)

	Race
	
	
	

	   Caucasian
	22 (56.4%)
	93 (54.4%)
	115 (54.8%)

	   Black or African American
	14 (35.9%)
	50 (29.2%)
	64 (30.4%)

	   Asian
	0 (0%)
	6 (3.5%)
	6 (2.9%)

	   More than one race
	3 (7.7%)
	16 (9.4%)
	19 (9.0%)

	   Other
	0 (0%)
	6 (3.5%)
	6 (2.9%)

	Preschool Anxiety Status
	
	
	

	   Anxiety Present
	21 (53.8%)
	60 (35.1%)
	81 (38.6%)

	   Anxiety Absent
	18 (46.2%)
	111 (64.9%)
	129 (61.4%)

	Preschool Sensory Over-Responsivity (SOR)
	
	
	

	   SOR Present
	11 (28.2%)
	47 (27.5%)
	58 (27.6%)

	   SOR Absent
	28 (71.8%)
	124 (72.5%)
	152 (72.4%)

	Adolescent Internalizing Problems
	
	
	

	   Average T (SD)
	64.59 (11.57)
	58.99 (12.75)
	60.03 (12.70)

	   Clinical Level
	19 (48.7%)
	53 (31.0%)
	72 (34.3%)

	   Not Clinical Level 
	20 (51.3%)
	118 (69.0%)
	138 (65.7%)

	
	
	
	


Note. All percentages reflect proportion within the column. The “Other” category for race reflects participants who self-identify with a race other than one listed and any participant who declined to answer. Adolescent internalizing problems were T standardized, and a T > 65 was used to indicate “Clinical Level.”

Table 3
Chi-Square Test for Continuity of Anxiety from Preschool to Adolescence
	Table of Preschool Anxiety by Clinical-Level Adolescent Internalizing Problems 

	
	Clinical Internalizing Problems Not Present
	Clinical Internalizing Problems Present
	Total

	Preschool Anxiety Absent
	83 (64.34%)
	46 (35.66%)
	129

	Preschool Anxiety Present
	55 (67.90%)
	26 (32.10%)
	81

	Total
	138
	72
	210

	Statistic
	Degrees of Freedom
	Value
	Probability

	Chi-Square
	1
	0.28
	0.60



Note. Percentages next to frequency reflect row percentages. Internalizing problems during adolescence are categorized as “clinical” if T > 65 after YSR and ASR scores are T standardized.  











Table 4
Chi-Square Test for Association Between Preschool Sensory Over-Responsivity (SOR) and Adolescent Anxiety
	Table of Preschool SOR by Clinical-Level Adolescent Internalizing Problems 

	
	Clinical Internalizing Problems Not Present
	Clinical Internalizing Problems Present
	Total

	Preschool SOR Absent
	104 (68.42%)
	48 (31.58%)
	152

	Preschool SOR Present
	34 (58.62%)
	24 (41.38%)
	58

	Total
	138
	72
	210

	Statistic
	Degrees of Freedom
	Value
	Probability

	Chi-Square
	1
	1.79
	0.18



Note. Percentages next to frequency reflect row percentages. Internalizing problems during adolescence are categorized as “clinical” if T > 65 after YSR and ASR scores are T standardized.  










Figure 3
Relationship of Preschool Sensory Over-Responsivity (SOR) and Continuous Adolescent Internalizing Problems Score
[image: Chart, box and whisker chart
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Note. The internalizing problems score refers to the T-standardized score such that scoring differences between the YSR and ASR are not influencing findings. While the p-value suggests that there are no statistically significant differences, this figure shows the general trend. 





Figure 4
GLM Showing Relationship Between Left Hippocampus Volume at School Age and Internalizing Problems Score during Adolescence, Split by Presence of Preschool Anxiety 
[image: Chart, line chart
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Note. Fit was computed at age = 6.615, total cranial volume at school age = 1360000, and female biological sex, all of which are control covariates in the GLM. 95% confidence intervals around fit are shown. Internalizing problems score reflects a standardized T score. A significant main effect is observed of left hippocampus volume at school age on internalizing problem score during adolescence (Type III SS = 470.30, F(1, 32) = 5.29, p = 0.03). This main effect was in a model containing preschool anxiety as a covariate, but the main effect of preschool anxiety and the interaction between preschool anxiety and left hippocampus volume at school age were nonsignificant. This plot was chosen as a representative illustration to show the effect of left hippocampus volume, regardless of preschool diagnosis. 
Figure 5
GLM Showing Moderating Relationship Between Preschool Sensory Over-Responsivity (SOR) and Right Amygdala Volume at School Age on Total Problems Score during Adolescence
[image: Chart, line chart
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Note. Fit was computed at age = 6.615, total cranial volume at school age = 1360000, and female biological sex, all of which are control covariates in the GLM. 95% confidence intervals around fit are shown. This model was nonsignificant, but all p-values were approaching significance. Total problems score reflects a standardized T score.




Figure 6
GLM Showing Moderating Relationship Between Preschool Sensory Over-Responsivity (SOR) and Left Hippocampus Volume at School Age on Total Problems Score during Adolescence
[image: ]
Note. Fit was computed at age = 6.615, total cranial volume at school age = 1360000, and female biological sex, all of which are control covariates in the GLM. 95% confidence intervals around fit are shown. Total problems score reflects a standardized T score. There were a significant main effects of left hippocampus volume at school age on adolescent total problems score, significant main effects of preschool sensory over-responsivity (SOR) on adolescent total problems score, and a significant interaction between preschool SOR and school age left hippocampus volume on adolescent total problems score. 

Appendix B: Instruments
Appendix B.1
Sections of the Preschool Age Psychiatric Assessment (PAPA)
A. Demographics with Ethnicity
B. Home
C. Daycare/School
D. Food Preferences and Appetite
E. Sleep Behaviors
F. Separation Anxiety
G. Worries
H. Anxious Affect
I. Depressed Affect
J. Conduct Problems
K. Hyperactivity
L. Incapacity Section
M. Ending the Interview
Note. This section is adapted from the table on contents of the PAPA (Egger & Angold, 2004). This appendix item is intended for review only. More information about the assessment and pricing can be publicly accessed at: https://psychiatry.duke.edu/research/research-programs-areas/assessment-intervention/developmental-epidemiology-instruments-1



Appendix B.2
Sample items from the Preschool Age Psychiatric Assessment (PAPA) structured interview to screen for anxiety
	AVOIDANCE OF BEING ALONE
Persistent avoidance of being alone due to anxiety about being away from attachment figures.
Does s/he seem to be afraid of being along?
Does s/he try to avoid being alone?
Does s/he like to be near you most of the time?
Does s/he become upset or protest if you leave the room s/he is in?

Does s/he ask you to be in the bathroom with him/her?
Or to escort him/her to an empty room to retrieve a toy?
Does s/he insist that you remain in a room while s/he plays?
What does she do to avoid being alone?
Can s/he play alone in one room while you are in another?
Can you reassure him/her?
Always or just sometimes?

How often does this happen?


When did it start?



Note. The PAPA is a structured diagnostic interview and establishes the intensity, frequency, and approximate date of onset based on the parent’s response. This sample section was adapted from the original PAPA and is for review only (Egger & Angold, 2004). More information about the assessment and pricing can be publicly accessed at: https://psychiatry.duke.edu/research/research-programs-areas/assessment-intervention/developmental-epidemiology-instruments-1

Appendix B.3
Sample items from the Youth Self-Report (YSR) Questionnaire of the Study of Toddler to Teenage Anxiety and Resiliency (STTAR)
	For each item, please select the choice that best describes yourself over the past 6 months. Please answer all items as well as you can, even if some do not apply to you.
71. I am self-conscious or easily embarrassed.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
101. I don’t have much energy.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
111. I keep from getting involved with others.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
112. I worry a lot
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer




Note. The YSR was given to participants below the age of 18 during the online questionnaire portion of STTAR.  This appendix shows sample items from the YSR and does not comprise the entire questionnaire nor reflect the exact presentation of the questionnaire to the STTAR participants. It is intended only to provide sample items to better understand the instrument and is adapted from the Achenbach System of Empirically Based Assessment (ASEBA) YSR (Achenbach, 2001). More information about the assessment and pricing can be publicly accessed at: https://aseba.org/school-age/. 

Appendix B.4
Sample items from the Adult Self-Report (ASR) Questionnaire of the Study of Toddler to Teenage Anxiety and Resiliency (STTAR)
	For each item, please select the choice that best describes yourself over the past 6 months. Please answer all items as well as you can, even if some do not apply to you.
45. I am nervous or tense.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
46. Parts of my body twitch or make nervous movements.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
50. I am too fearful or anxious.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer
124. I feel restless or fidgety.
· Not True
· Somewhat or Sometimes True
· Very True or Often True
· Decline to Answer




Note. The ASR was given to participants at or above the age of 18 during the online questionnaire portion of STTAR. This appendix shows sample items from the ASR and does not comprise the entire questionnaire nor reflect the exact presentation of the questionnaire to the STTAR participants. It is intended only to provide sample items to better understand the instrument and is adapted from the Achenbach System of Empirically Based Assessment (ASEBA) ASR (Achenbach & Rescorla, 2003). More information about the assessment and pricing can be publicly accessed at: https://aseba.org/adults/. 
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