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Abstract

Dyslexia is a neurodevelopmental disorder mainly defined by reading difficulties. During reading,
individuals with dyslexia exhibit hypoactivity in left-lateralized language systems. Lower activity
in one brain circuit can be accompanied by greater activity in another, and, here, we examined
whether right-hemisphere-based emotional reactivity may be elevated in dyslexia. We measured
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emotional reactivity (i.e., facial behavior, physiological activity, and subjective experience) in 54
children ages 7-12 with (7= 32) and without (77 = 22) dyslexia while they viewed emotion-
inducing film clips. Participants also underwent task-free functional magnetic resonance imaging.
Parents of children with dyslexia completed the Behavior Assessment System for Children, which
assesses real-world behavior. During film viewing, children with dyslexia exhibited significantly
greater reactivity in emotional facial behavior, skin conductance level, and respiration rate than
those without dyslexia. Across the sample, greater emotional facial behavior correlated with
stronger connectivity between right ventral anterior insula and right pregenual anterior cingulate
cortex (prwe<.05), key salience network hubs. In children with dyslexia, greater emotional facial
behavior related to better real-world social skills and higher anxiety and depression. Our findings
suggest there is heightened visceromotor emotional reactivity in dyslexia, which may lead to
interpersonal strengths as well as affective vulnerabilities.
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Introduction

Dyslexia is a common neurodevelopmental disorder characterized by prominent reading
difficulties, and approximately 5-17% of children and adults have significant trouble
learning to read despite adequate intelligence, effort, and education (S. E. Shaywitz, 1998;
Silani et al., 2005). Reading is a complex process during which meaning is extracted from
written words via visual and language systems (Gaillard, Balsamo, Ibrahim, Sachs, & Xu,
2003; Wandell & Le, 2017). Dyslexia is a heterogeneous disorder, but a problem with
phonological processing—the ability to break words down into smaller sound units and then
to associate these sound units with the written word (S. E. Shaywitz, 1998)—is the most
common underlying mechanism (Bradley & Bryant, 1983; Frith, 1999; Lyon, Shaywitz, &
Shaywitz, 2003; O’Brien, Wolf, & Lovett, 2012).

Neuroanatomical studies of classic phonological dyslexia have revealed altered brain
structure and function in predominantly left-lateralized language systems (Goswami, 2008;
Norton, Beach, & Gabrieli, 2015; Richlan, 2012; Silani et al., 2005). While post-mortem
studies have shown reduced leftward asymmetry of the planum temporale in dyslexia
(Galaburda, 1994; Vanderauwera et al., 2016), neuroimaging studies have found smaller
gray matter volume in the left fusiform gyrus and left inferior temporal gyrus (Kronbichler
et al., 2008; Linkersdorfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012), smaller
gray matter volume and reduced cortical thickness in left occipitotemporal cortex (Krafnick,
Flowers, Luetje, Napoliello, & Eden, 2014; Williams, Juranek, Cirino, & Fletcher, 2018),
lower fractional anisotropy in white matter tracts (\Vandermosten, Boets, Wouters, &
Ghesquiere, 2012), and enhanced gyrification of left lateral temporal and middle frontal gyri
(Caverzasi et al., 2018) in dyslexia. Functional neuroimaging studies that measure brain
activity during reading and phonological decision-making tasks have found that individuals
with dyslexia exhibit hypoactivation of bilateral temporoparietal and left occipitotemporal
structures, regions that support reading (Hoeft et al., 2007; Paulesu, Danelli, & Berlingeri,
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2014; Richlan, Kronbichler, & Wimmer, 2011, 2013). Similar patterns have been found in
pre-reading children with a family history of dyslexia, who also exhibit smaller gray matter
volume (Brambati et al., 2004; Raschle et al., 2017; Raschle, Chang, & Gaab, 2011),
atypical sulcal patterns (Im, Raschle, Smith, Ellen Grant, & Gaab, 2016), lower functional
and structural connectivity (Kuhl et al., 2020; Skeide et al., 2015), white matter alterations
(Langer et al., 2017; Vanderauwera, Wouters, Vandermosten, & Ghesquiére, 2017;
Vandermosten et al., 2015), and lower functional activity during phonological processing
(Raschle, Zuk, & Gaab, 2012) in language networks. Taken together, these studies offer
convergent evidence that dyslexia is characterized by predominant neural alterations in the
left hemisphere. There is some variability across studies, however, with others suggesting
the anatomical underpinnings of dyslexia are more diffuse and involve the right hemisphere
as well (Beelen, Vanderauwera, Wouters, Vandermosten, & Ghesquiére, 2019; Raschle et al.,
2011).

In various clinical disorders, lateralized dysfunction in one hemisphere may facilitate
function in the other, an imbalance that can lead to strengths as well as vulnerabilities
(Kapur, 1996; B. L. Miller, Ponton, Benson, Cummings, & Mena, 1996; Seeley, Matthews,
et al., 2008; Zhou et al., 2010). Language and emotions have long been associated with
opposing hemispheres of the brain: while the left hemisphere is crucial for language, the
right hemisphere plays a dominant role in emotion generation and recognition (Blonder,
Bowers, & Heilman, 1991; Borod et al., 1998; Demaree, Everhart, Youngstrom, & Harrison,
2005; Gainotti, 1972; Tucker, 1981). Emotions are adaptive, multisystem responses that are
accompanied by coordinated changes in autonomic nervous system activity and facial
expression (i.e., herein, “visceromotor” activities), rapid bursts of activity that sweep across
the body and move an individual from rest to action (Levenson, 2003). In clinical studies,
individuals with predominant right hemisphere damage have diminished emotional
expression and impaired recognition of emotional faces, prosody, and gestures (Blonder et
al., 1991; Borod et al., 1998; Sturm, Ascher, Miller, & Levenson, 2008). In dyslexia, there is
some indication that diminished functioning in language systems in the left hemisphere is
accompanied by accentuated functioning in emotion systems in the right. In addition to
hypoactivity in left hemisphere language systems during phonological processing tasks, for
example, individuals with dyslexia exhibit hyperactivity in right hemisphere regions that
promote emotions including the anterior insula and thalamus (Maisog, Einbinder, Flowers,
Turkeltaub, & Eden, 2008; Richlan, Kronbichler, & Wimmer, 2009).

The salience network, an intrinsic connectivity network anchored by structures in the right
hemisphere, plays a central role in emotion generation and sensation (Seeley et al., 2007;
Seeley, Zhou, & Kim, 2012). Intrinsic connectivity networks are comprised of spatially
distributed brain regions that exhibit synchronous blood oxygen level-dependent (BOLD)
fluctuations in task-free settings and support various cognitive, motor, sensory, social, and
affective processes (Beckmann, DelLuca, Devlin, & Smith, 2005; Fox et al., 2005). The
salience network has primary hubs in the right ventral anterior insula (vAl) and right anterior
cingulate cortex (ACC), regions that typically coactivate during a wide range of functional
neuroimaging studies including those that elicit emotions, empathy, pain, and reward (Craig,
2009, 2011). Through projections to subcortical structures (i.e., hypothalamus, central
nucleus of the amygdala, periaqueductal gray, and brainstem nuclei), the ACC and vAl play
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critical roles in visceromotor emotion generation and interoception, triggering and sensing
the physiological and motor changes that arise during emotions (Craig, 2002; Critchley &
Harrison, 2013; Levenson, 1994; Ongur & Price, 2000; Saper, 2002; Seeley et al., 2012;
Vogt, 2005). Salience network connectivity, which is reliable over time and considered to be
trait-like, varies in strength across people (C. C. Guo et al., 2012) and relates to variability in
socioemotional sensitivity (Toller et al., 2018) such that individuals with stronger salience
network connectivity are inclined to have more intense physiological and experiential
reactions to affectively charged contexts than those with lower salience network connectivity
(Hermans et al., 2011; Seeley et al., 2007; Xia, Touroutoglou, Quigley, Feldman Barrett, &
Dickerson, 2017). Although the salience network is detectable in infancy and has a spatial
topography that resembles adults (Gao, Alcauter, Smith, Gilmore, & Lin, 2015), its
connections may expand and get stronger during childhood and adolescence (Uddin,
Supekar, Ryali, & Menon, 2011; Zielinski, Gennatas, Zhou, & Seeley, 2010).

By guiding behavior and coloring subjective experience, emotions play an important role in
everyday life and are critical for physical survival and social harmony (Levenson, 1994).
Emotions not only help people to stay safe from physical threats but also encourage them to
form and maintain close interpersonal bonds (Griskevicius, Shiota, & Neufeld, 2010; Lerner
& Keltner, 2000). Individuals who manage their emations with ease are better equipped to
navigate complex interpersonal situations and to develop meaningful social connections
(Eisenberg, Spinrad, & Eggum, 2010; Lopes, Mestre, Guil, Kremenitzer, & Salovey, 2012;
Lopes, Salovey, C6té, Beers, & Petty, 2005). In children and adolescents, those who express
their emotions in adaptive ways are more socially adept, more likable, and less anxious in
everyday life (Denham, McKinley, Couchoud, & Holt, 1990; Lopes et al., 2012; A. L. Miller
et al., 2006), whereas those who tend to express high-intensity emotions have poorer mental
health, lower social skills, and less robust relationships with teachers, parents, and peers
(Eisenberg et al., 1993; Eisenberg et al., 2010; Frick & Morris, 2004). While some prior
research suggests children with dyslexia have poorer social skills than those without
dyslexia (Parhiala et al., 2015), this finding is not consistent, and other studies have found
that children and adults with dyslexia are rated as socially competent (Frederickson &
Jacobs, 2001; Hellendoorn & Ruijssenaars, 2000). Although experiencing emotions is often
advantageous, emotions that are too frequent or too intense can be problematic and lead to
affective symptoms (Cole, Michel, & Teti, 1994; Kring & Sloan, 2009). Affective
symptoms, which are associated with alterations in gray matter volume and functional
connectivity in salience network structures (Davis, Margolis, Thomas, Huo, & Marsh, 2018;
Goodkind et al., 2015; Sha, Wager, Mechelli, & He, 2019), are common in dyslexia (Carroll
& lles, 2006; Haft, Duong, Ho, Hendren, & Hoeft, 2019; Hendren, Haft, Black, White, &
Hoeft, 2018; Novita, 2016). Children with dyslexia and reading disorders often report
feelings of anxiety and depression (Mugnaini, Lassi, La Malfa, & Albertini, 2009; Willcutt
& Pennington, 2000), and even mild reading deficits in children ages 8 — 12 are associated
with lower mood and self-esteem (Casey, Levy, Brown, & Brooks-Gunn, 1992).

In the present study, we investigated whether children with phonological dyslexia have
enhanced emotional reactivity. Children with and without dyslexia underwent a laboratory-
based assessment of emotion and “resting state,” task-free functional magnetic resonance
imaging (tf-fMRI). Parents of children with dyslexia also reported on their child’s real-world
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social behavior, mood, and anxiety. To measure emotional reactivity, participants viewed five
film clips that elicited specific positive and negative emotions while facial behavior and
physiological activity were recorded continuously. Subjective experience was also assessed
after each film clip by asking participants to rate how much they felt various specific
emotions. We hypothesized that children with dyslexia would show accentuated emotional
reactivity while viewing the film clips and that greater emotional reactivity would relate to
stronger intrinsic connectivity between right vAl and right ACC, key salience network hubs.
Given that emational reactivity has been associated with social advantages (Lopes et al.,
2005) as well as affective vulnerabilities (Cole et al., 1994; Kring & Sloan, 2009), we
expected that higher emotional reactivity in dyslexia may be associated with greater
interpersonal strengths as well as greater symptoms of anxiety and depression.

2. Materials and Methods

2.1

We report how we determined our sample size, all data exclusions, all inclusion and
exclusion criteria, whether inclusion/exclusion criteria were established prior to data
analysis, all manipulations, and all measures included in the present study.

Participants

Fifty-four participants, including 32 children with dyslexia and 22 controls without dyslexia,
were included in the present study. All participants were fluent English speakers between the
ages of 7 and 12 years of age. Guardians of participants were invited to report on their
child’s ethnicity. Guardians were also asked to report on their household income on a 16-
point scale, ranging from “less than $10,000” to “over $500,000,” which provided an
indication of socioeconomic status, and on the type of school their child attended (public or
private). The study was approved by the University of California, San Francisco (UCSF)
Committee on Human Research. Guardians of the participants provided informed written
consent, and participants provided verbal assent. No part of the study procedures was pre-
registered prior to the research being conducted.

Children with a formal diagnosis of dyslexia made by a licensed psychologist were recruited
from the UCSF Pediatric Brain Clinic, local schools, or a specialized school for students
with dyslexia. Children with dyslexia were included in the present study if they had notable
difficulties in reading and phonological processing and were of at least average intelligence
compared to same-aged peers at the time of the UCSF evaluation (see the “Cognitive
Assessment” section for details).

Controls without dyslexia were recruited through local schools and underwent limited
neuropsychological and reading testing at UCSF to ensure they did not currently meet
diagnostic criteria for dyslexia. Exclusion criteria included acquired brain injury, known
genetic conditions that impact cognition or brain development, psychiatric disorders
including autism spectrum disorders and sensory processing disorders, history of academic
difficulties, or prior diagnoses of developmental disorders. Children without dyslexia were
included as controls in the present study if they were at least of average intelligence and
showed no notable signs of reading or phonological impairment (see Table 1 for
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demographic information). Inclusion and exclusion criteria were established prior to data
analysis.

2.2. Cognitive Assessment

At UCSF, children with dyslexia underwent a clinical interview, neurological examination,
and neuropsychological testing. We have reported all clinical data that were analyzed as a
part of the present study. Matrix Reasoning from the Wechsler Abbreviated Scale of
Intelligence (WASI) (Wechsler, 1999) was used to assess non-verbal reasoning, and the
Woodcock-Johnson IV (Schrank, Mather, & McGrew, 2014) was used to evaluate academic
skills (Table 1). Reading was assessed with untimed single-word reading measures from the
Woodcock-Johnson 1V (i.e., Letter-Word Identification and Word Attack) as well as timed
measures from the Test of Word Reading Efficiency — Version 2 (TOWRE-2) (Torgesen,
Wagner, & Rashotte, 2012) and the Gray Oral Reading Test — Fifth Edition (GORT-5)
(Wiederholt & Bryant, 2012), which measure paragraph reading. Five children with dyslexia
did not complete all of the tests due to time constraints.

The UCSF evaluation confirmed that all of the children with dyslexia had difficulty reading
(at least one reading score < 25t percentile, to account for the extensive reading remediation
in this group) and were of at least average intelligence (global cognitive estimates > 16!
percentile) compared to same-aged peers. Controls underwent a limited cognitive
assessment, which included tests of non-verbal reasoning (WASI Matrix Reasoning) and
single-word reading (TOWRE-2: Sight Word Efficiency Subscale and Phonemic Decoding
Efficiency Subscale), and had scores = 16t percentile compared to same-aged peers at the
time of their UCSF evaluation.

2.3. Parent-Reported Real-World Behavior

Parents of children with dyslexia completed the Behavior Assessment System for Children,
Second Edition (BASC-2) child and adolescent parent rating scale forms (Reynolds &
Kamphaus, 2004). The BASC-2 is a standardized, well-validated, multi-dimensional rating
system that assesses a broad range of skills and personality traits as well as adaptive and
problem behaviors. The child form (ages 6-11) consists of 160 items; the adolescent form
(ages 12-21) consists of 150 items. The BASC-2 scoring algorithm standardizes
participants’ scores within their age group, making scores on the child and adolescent forms
equivalent. The parent is asked to rate each item according to the frequency of the behavior
on a four-point scale, ranging from N (never), S (sometimes), O (often), to A (almost
always). Item raw scores are summed to obtain subscale scores for 14 behavioral domains.
Here, we focused on one adaptive subscale (i.e., Social Skills) and two clinical subscales
(i.e., Anxiety and Depression). Item raw scores were summed, and subscale scores were
converted into standardized 7 scores (/mean = 50; standard deviation = 10) for interpretation.
For the adaptive scales, lower scores represent deficits, with 7 scores between 31 and 40
falling in the at-risk range, and scores < 30 considered clinically significant. For the clinical
scales, on which high scores represent more problematic behaviors, 7 scores between 60 and
69 are considered at-risk, and scores = 70 are considered clinically significant. Legal
copyright restrictions prevent public archiving of the BASC-2 used in this study; the
BASC-2 is available from the copyright holder in the cited references.
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2.4. Laboratory Assessment of Emotion

2.4.1. Procedure—Participants underwent a laboratory assessment of emotion at the
UCSF Center for Psychophysiology and Behavior. This assessment included other emotion-
relevant tasks and measures, but these were outside the scope of the present study and, thus,
were not analyzed here. Participants were seated in a comfortable chair in a well-lit
experiment room. Sensors were applied, and participants were videotaped throughout the
testing session with a semi-obscured, remotely controlled video camera. Participants were
informed they would be videotaped prior to the start of the testing session. All stimuli were
presented on a 21.5-inch computer monitor placed 4.25 feet in front of them. Instructions
were presented visually and via audio recordings.

2.4.2. Emotion Word Knowledge—At the beginning of the testing session,
participants completed a task that assessed whether they understood the meaning of each of
the emotion terms that would be used throughout the laboratory assessment. Participants
were asked, “For each question, you will see an emotion word at the top of the screen. Pick
the situation where you’d feel the emotion.” For each emotion term, they were presented
with three choices depicting different emotional situations. All emotion terms and situations
were presented visually as words and via audio. The three scenarios were also represented
pictorially, with a representative image, to limit the potentially confounding influence of
reading ability. After completion of the task, the experimenter reviewed any incorrect
responses with the participant and explained the correct answers. This step was taken to
ensure that participants understood all of the emotion terms that would be used throughout
the testing session. If participants asked for clarification about the meaning of any word later
in the session, the experimenter reminded them of the meaning as often as needed using
standardized prompts.

2.4.3. Emotional Reactivity—During the emotional reactivity task, participants
watched five film clips that each elicited a specific emotion (Figure 1). At the beginning of
the task, participants were presented with the following instructions, “Now you will watch
some movies. After each movie, we will ask you some questions. We want to know how
YOU feel while watching the movie. If you find the videos too upsetting, please close your
eyes. Before each movie, you will see an *X’ on the screen. Please relax and try to clear your
mind when you see an ‘X’ on the screen. Let’s begin. Watch the “X,” please.”

Each trial began with a 60-second resting baseline period in which participants watched a
black “X on a white computer screen. They then viewed an approximately 90-second film
clip that elicited a specific positive (i.e., awe, nurturant love, or amusement) or negative (i.e.,
sadness or disgust) emotion. Each participant viewed the film clips in the same order (i.e.,
awe, sadness, amusement, disgust, and nurturant love). The awe film clip was from either
Lord of the Rings or Planet Earthand showed landscapes and vistas; the sad film clip was
from 21 Grams and showed a mother finding out her family died in a car accident; the
nurturant love film clip was from Babies and showed babies crawling and playing with
animals; the disgust film clip showed an ear being cleaned; and the amusement film clip
showed a baby laughing while watching someone ripping up paper. Pilot testing in an
independent sample of healthy children indicated that these film clips elicited the target
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emotions. Legal copyright restrictions prevent public archiving of the film clips used in this
study; the film clips will be shared unconditionally upon request to the corresponding author.

After viewing each film clip, participants were asked a series of questions. First, they were
asked a question about the content of each film clip to ensure they had paid attention during
the trial. They were provided with three choices and were asked to identify the correct
response. Second, participants rated their subjective experience of numerous positive and
negative emotions (i.e., afraid, amused or happy, angry, awe or amazement, disgusted,
embarrassed, excited or enthusiastic, love or affection, proud, sad, and surprised) while
watching each film clip. They were asked, “Did you feel while watching the
movie?” and were given the following choices: “no”, “a little,” or “a lot”. Third, they were
asked if they had seen the film clip before and were given the following choices: “yes,”
“no,” or “not sure.”

2.4.4. Measures

Emotion Word Knowledge.: Participants’ emotion word knowledge was computed by
summing their total correct responses during the test of emotion word knowledge. Higher
scores indicated greater knowledge of emotion terms (maximum score = 15).

Emotional Facial Behavior.: Videotaped recordings of the laboratory testing session were
coded with Noldus version 13.0 software (Noldus Technologies, Leesburg, VA).
Participants’ emotional facial expressions during the most intense 30 seconds of each film
clip were coded on a second-by-second basis using a modified version of the Emotional
Expressive Behavior coding scale (Gross & Levenson, 1995). Twenty percent of the videos
were rated by multiple coders; interrater reliability was excellent (Cohen’s kappa = .79). We
computed a total emotional facial behavior score for each trial by summing the intensity
scores of the anger, sadness, contempt, fear, disgust, surprise, concentration, interest,
happiness/amusement, and embarrassment codes.

Physiological Recordings.: Emotions are accompanied by dynamic changes in autonomic
nervous system activity, as well as other bodily systems, that moderately cohere over time
(Mauss, Levenson, McCarter, Wilhelm, & Gross, 2005). To capture a broad array of activity
in the cardiovascular, electrodermal, and respiratory systems, we obtained continuous
recordings of autonomic nervous system activity using Biopac MP150 bioamplifiers and a
computer equipped with data acquisition software: (1) heart rate: Electrodes were placed in a
bipolar configuration on opposite sides of the participant’s chest; heart rate was calculated as
the number of R waves per minute from the electrocardiogram; (2) skin conauctance levef
A constant-voltage device was used to pass a small voltage between Ag/Acl Silver 8mm
electrodes (using an electrolyte of sodium chloride) attached to the palmar surface of the
middle phalanges of the ring and index fingers of the non-dominant hand; and (3) respiration
rate: A pneumatic bellows or respiration transducer was stretched around the thoracic region,
and respiration rate was measured as the number of inspirations per minute.

Physiological data were processed using a custom pipeline scripted in AcqKknowledge
software (v5.0, www.hiopac.com). Briefly, algorithms identified and marked the signature
components of each waveform, and these marks were then visually inspected for errors and
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noise. Outliers in the raw data were considered to be +/- 3 standard deviations from the
mean level during the trial; these periods were interpolated if their duration was three
seconds or less and deleted if their duration was greater than three seconds. We computed
reactivity scores for each channel by subtracting the mean level during the 60-second pre-
trial baseline from the mean level during the 30-second portion of the trial that had been
coded for emotional facial behavior.

Subjective Emotional Experience.: We coded response to the questions regarding
subjective emotional experience as 0 (“nd”), 1 (“a little’), or 2 (“a /lot’). We summed
participants’ total subjective experience (i.e., afraid, angry, disgusted, sad, amused/happy,
awe/amazement, excited/enthusiastic, love/affection, embarrassed, surprised, and proud)
during each trial to capture their overall emotional experience while watching each film clip.

Film Clip Content.: Correct responses to the questions regarding the content of the film
clips were given scores of 1; incorrect responses were given scores of 0.

Film Clip Familiarity.: After viewing each film clip, participants responded “yes,” “no,” or
“not sure” to the question, “Have you seen this film before?” We coded “yes” responses as 1,
and “no” and “not sure” responses as 0.

2.5. Neuroimaging

2.5.1. Image Acquisition—Fifty-three participants underwent research-quality
magnetic resonance imaging (MRI). One participant in the control group declined an MRI.
Participants were scanned at the UCSF Neuroscience Imaging Center within four months of
the emotion assessment, with the majority (70%) within 90 days. Images were obtained on a
3.0 Tesla Siemens (Siemens, Iselin, NJ) TIM Trio scanner equipped with a 12-channel head
coil (n=28, 53% children with dyslexia) or 3.0 Tesla Siemens Prisma scanner equipped
with a 64-channel head coil (7= 25, 47% children with dyslexia). Head movements were
minimized by stabilizing the participant’s head with cushions. Structural whole-brain images
were acquired using a volumetric 3D T1-weighted sagittal Magnetization Prepared Rapid
Acquisition Gradient Echo (MPRAGE) sequence (160 sagittal slices; slice thickness = 1.0
mm; field-of-view [FOV] = 256 x 240 mm2; matrix 256 x 240; voxel size 1.0 x 1.0 x 1.0
mms3; repetition time [TR] = 2300 ms; echo-time [TE] = 2.98 ms; flip angle = 9°).

Tf-fMRI were collected with a single-shot echo planar imaging sequence on the Trio
scanner (TR = 2000 ms; TE = 31 ms; flip angle = 80°; in plane resolution = 3 x 3 mm; slice
thickness = 3.5 mm; number of slices = 31; ascending; FOV =220 mm) or Prisma scanner
(TR =1290 ms; TE = 32.4 ms; flip angle = 45°; in plane resolution = 2.2 x 2.2 mm; slice
thickness = 2.2 mm; number of slices = 68; ascending; FOV = 211 mm). Before entering the
MRI scanner and immediately prior to the tf-fMRI acquisition, participants were instructed
to rest with their eyes closed in the scanner without falling asleep; following the tf-fMRI
acquisition, the operator also asked participants whether they had followed those
instructions. Since head motion represents a challenge in fMRI studies, especially in
pediatric populations, we allowed participants to take a break every 20 minutes. It has been
shown that this approach is useful in reducing head motion during functional MRI
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(Meissner, Walbrin, Nordt, Koldewyn, & Weigelt, 2020). The task-free acquisition was
performed after one of the breaks, and its total duration was six minutes.

2.6. Statistical Analyses

Behavioral analyses were carried out in R Project (R Core Team, 2017). All statistical
analyses were two-tailed with an alpha level of .05. No part of the study analyses was pre-
registered prior to the research being conducted. All analysis code is publicly available
(https://osf.io/gk57j/?view_only=21dale90c1a9498b8731876a42d9517a).

2.6.1. Power Analysis—We conducted a post hoc power analysis using GLIMMPSE
(Kreidler et al., 2013), a program well-suited for repeated measures power analyses (Y. Guo,
Logan, Glueck, & Muller, 2013). We entered values from the linear mixed effects model to
determine the power our study had to detect a significant main effect of diagnosis on facial
behavior (a = .05). These estimates included the standard deviation of our dependent
variable (aggregated across participants, the standard deviation was 10.18), the magnitude of
the difference between the diagnostic groups (which was 5.4), and the variability across the
repeated measures (the correlation coefficients for each pair of trials were entered into a
matrix). We specified a total sample size of 54 and a categorical repeated measure (i.e., trial)
with five levels. From these parameters, the power of our study was estimated to be .87,
which is greater than standard power of .80. Although we may have been underpowered to
examine group by trial interactions, we did include an interaction term in our models to
explore potential differences between the groups during specific trials.

2.6.2. Emotional Reactivity—We ran separate linear mixed-effects models for
emotional facial behavior, heart rate reactivity, skin conductance level reactivity, respiration
rate reactivity, and subjective emotional experience to examine whether there were main
effects of diagnosis or diagnosis by trial interactions on any measure. Random intercepts
were specified for each participant. We controlled for age, sex, and film clip familiarity in all
analyses. Visual inspection of model residuals via histogram and partial probability plots
showed normal distributions. To compute effect sizes (Cohen’s D), we conducted an
additional set of regression analyses but omitted the diagnosis by trial interaction term to
isolate the main effect of group on each emotion measure. Analyses of covariance
(controlling for age and sex) were used to determine if there were group differences in
emotion word knowledge; emotion word knowledge was included as an additional covariate
in a follow-up analysis of subjective emotional experience. Two participants (one with
dyslexia and one control) failed to answer one film content question correctly; these two
trials were removed from all analyses. One participant (a child with dyslexia) did not have
physiological data due to technical problems during testing and, thus, was not included in
the physiological analyses. Three participants (all in the control group) were not included in
the skin conductance level analyses because of a faulty sensor.

2.6.3. Task-Free Functional Neuroimaging Analyses—Processing of the tf-fMRI
data was performed using the Statistical Parametric Mapping 12 package (SPM12; http://
www.fil.ion.ucl.ac.uk/spm) and the Conn Toolbox (version 17f) (Whitfield-Gabrieli &
Nieto-Castanon, 2012) in the MATLAB computing environment (The MathWorks, Natick,
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MA). Functional data were corrected for interleaved slice acquisition order, realigned to the
first volume of the series using a rigid transformation, and analyzed for the presence of
motion. Images were excluded if relative motion exceeded 2 mm (11 children with dyslexia
and five controls were excluded from the neuroimaging analyses according to these criteria,
leaving a final sample for the tf-fMRI analysis of 7= 37). To further reduce the effect of
head movement on functional connectivity, volumes with <2 mm/TR frame-wise
displacement were detected as outliers using the Art toolbox (https://www.nitrc.org/projects/
artifact_detect) and later included as nuisance regressors during the denoising step. Two-
sample #tests found low levels of movement on average and no significant group differences
in mean relative displacement (children with dyslexia = 0.09 + 0.04, children without
dyslexia = 0.10 £ 0.04, £=0.85, p=.39) or maximum relative displacement (children with
dyslexia = 0.47 £ 0.31, children without dyslexia = 0.52 £ 0.35, £=0.43, p= .68).

Data were then spatially normalized to Montreal Neurological Institute (MNI) space using a
non-linear registration algorithm and resultant images were resampled to 2 x 2 x 2 mm?3
voxels in MNI space. Spatial smoothing was done with an isotropic Gaussian kernel (full-
width at half maximum = 8 mm). Finally, the functional data were denoised using the
CompCor technique implemented in the CONN toolbox (Behzadi, Restom, Liau, & Liu,
2007). The gray matter signal was bandpass filtered (0.01 — 0.1 Hz) and detrended. Then,
sixteen principal components were extracted from white matter and CSF regions and, in
addition to the six motion parameters and their first-order temporal derivatives, regressed out
from the gray matter signal.

Single-subject correlation maps of the salience network (Seeley et al., 2007) were generated
using a seed-based approach by calculating the correlation between the BOLD signal time
series in the seed region of interest (ROI), and the time series in each voxel in the rest of the
brain. The salience network has been previously identified with both seed-based and
independent component analysis techniques on task-free data as well as during task
performance (Hermans et al., 2011; Lee et al., 2017; Seeley et al., 2007). The seed ROl was
defined as a 5 mm-radius sphere in right vAl (Figure 3A), centered at MNI coordinates x =
42,y =17,z =-10 as previously described (Lee et al., 2014; Seeley, Crawford, et al., 2008).
Correlation maps, which represent the temporal correlation of the average time series in
right vAl with all of the other voxels in the brain, were converted to z-score maps by
Fisher’s rto-ztransformations to enable parametric statistical comparisons. Next, we
conducted a one-sample #test (with age, sex, scanner, and diagnosis as nuisance covariates)
to investigate the group-level spatial organization of the salience network. Family Wise Error
(FWE) correction on the resultant connectivity maps was set to prywe<.001 (4> 40 for
cluster extent).

We then conducted voxel-wise multiple regressions to investigate whether the emotional
reactivity measures that significantly differed between the groups were associated with
intrinsic salience network connectivity. Although the groups did not differ in the proportion
of children who were scanned on each scanner, y A1) = 0.12, p= .73, we included age, sex,
scanner type (i.e., Prisma or Trio scanner), diagnosis (i.e., with dyslexia or without
dyslexia), and the time interval (in months) between the MRI scan and the emotion
assessment as nuisance covariates in the regression models. Given that the ACC is a crucial
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node in the salience network and has a critical role in visceromotor emotion generation, we
restricted our regression analyses to the bilateral ACC, as defined by the AAL atlas
(Tzourio-Mazoyer et al., 2002). We performed this analysis to identify the specific location
within the ACC that correlated with the emotional reactivity measures. Results were
considered significant at prywe < .05 after correcting for multiple comparisons within the
bilateral ACC mask. We also report unmasked whole-brain results at p < .001, uncorrected.
Images were overlaid using MRIcron (http://mccauslandcenter.sc.edu/CRNL) on the MNI
template for visualization purposes.

2.6.4. Associations Between Emotional Reactivity and Real-World Behavior
—\We used linear regressions (controlling for age and sex) to examine whether higher
emotional reactivity predicted higher scores on the BASC-2 Social Skills, Anxiety, and
Depression subscales in children with dyslexia.

2.6.5. Emotional Reactivity and Potential Associations with Reading and Age
—\We used linear regressions (controlling for age and sex) to examine whether reading
fluency (as measured with the GORT-5) or phonemic decoding ability (as measured with the
TOWRE-2) predicted emational reactivity in children with dyslexia. We selected these tests
because they are particularly sensitive to reading difficulties in dyslexia, and we conducted
these analyses to confirm that reading challenges alone did not account for emotional
reactivity in the children with dyslexia. To ensure that any potential results were not
accounted for by variability in age, we also conducted linear regressions (controlling for sex)
to examine whether age predicted emotional reactivity in the children with dyslexia.

Data Availability

Data generated by the UCSF Dyslexia Center are available upon request; data requests can
be submitted through the UCSF Memory and Aging Center Resource Request form: http://
memory.ucsf.edu/resources/data. Academic, not-for-profit investigators with Institutional
Review Board approval from the UCSF Human Research Protection Program (HRPP) can
request data for research studies. The UCSF HRPP will not review the application until the
UCSF Memory and Aging Center Executive Committee has signed off on the proposal and
consent form. Data are not publicly available because they contain information that could
compromise the privacy of the participants.

3. Results

3.1

Participant Demographics and Clinical Information

The groups of children with and without dyslexia included approximately equal numbers of
girls and boys and had a similar mean age, which was 10 years old (see Table 1). The groups
did not differ in handedness, and both were comprised of children of comparable ethnic
backgrounds and socioemotional statuses (as measured by the mean annual income of the
families). In general, both groups were predominantly white and had annual family income
levels that ranged from the low average to above average range for the surrounding area.
Given that many of the children with dyslexia attended private schools that specialize in
learning differences, a greater proportion of the children with dyslexia attended private
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schools than those without dyslexia. As expected, the children with dyslexia had low scores
on tests of reading; 70% had at least one score in the impaired range, 23% were in the low
average range, and 7% were in the average range. On the BASC-2, the majority of children
with dyslexia had social skills, anxiety, and depression scores that were in the average range.
Two children’s scores indicated they were in the at-risk range for clinically significant
anxiety, and one child was in the at-risk range for clinically significant depression (see Table
1).

3.2. Visceromotor Emotional Reactivity is Elevated in Dyslexia

The linear mixed-effects models (controlling for age, sex, and film clip familiarity) revealed
a main effect of diagnosis on emotional facial behavior, A1,50) = 4.50, p=.04; skin
conductance level reactivity, A1,46) = 4.47, p=.04; and respiration rate reactivity, A1,49) =
7.69, p=.01; but not on heart rate reactivity, A1,49) = 0.14, p=.71 (Figure 2). These results
indicated that children with dyslexia displayed greater emotional facial behavior and were
more physiologically reactive than children without dyslexia while watching the film clips.
There was no main effect of diagnosis on subjective emaotional experience, A1,50) =0.37, p
= .55 (Figure 2), even when accounting for emotion word knowledge, A1,49) =0.01, p
=.91, which was lower in dyslexia compared to controls, A1,50) = 13.67, p<.001. No
significant diagnosis by trial interactions emerged for any of the behavioral, autonomic, or
experiential measures (Table 2), which suggests that the heightened visceromotor reactivity
in children with dyslexia was not specific to any particular emotion trial. Regression models
that included the same covariates but omitted the diagnosis by trial interaction terms showed
a medium effect size for the main effects of group on facial behavior (Cohen’s D= .60) and
skin conductance reactivity (Cohen’s D= .62) and a large effect size for respiration rate
reactivity (Cohen’s D= .80), according to established criteria (Cohen, 1992). See
Supplemental Table 1.

3.3. Greater Emotional Facial Behavior Reflects Stronger Connectivity Between Right vAI
and Right ACC

Given that we found main effects of diagnosis on emaotional facial behavior, skin
conductance level reactivity, and respiration rate reactivity, we focused our neuroimaging
analyses on those variables. Here, we averaged the reactivity scores across the trials to
obtain a single overall reactivity metric for each measure for each participant.

As expected, the salience network maps were consistent with prior studies and showed that
across the sample of children with and without dyslexia, the right vAl had strong functional
connections with the ACC as well as the anterior midcingulate cortex, amygdala, thalamus,
hypothalamus, and brainstem (see Supplemental Figure 1).

Next, we correlated the emotional reactivity measures of interest with salience network
connectivity. Across the sample (controlling for age, sex, scanner type, diagnosis, and time
interval between the MRI and emotion assessment), greater emotional facial behavior was
associated with stronger intrinsic connectivity between the right vAl and the right ACC in a
cluster that bordered the pregenual ACC and anterior midcingulate cortex (prwe< .05;
cluster size k= 58; cluster peak: 14, 30, 20; 7= 4.3456; Figure 3). When we removed the
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ACC mask to examine connectivity between the right vAl and the whole brain, this cluster
survived at uncorrected levels (p< .001). In the whole-brain analysis, only one other cluster
in the right frontal pole emerged as being correlated with emotional facial behavior (p< .001
cluster size k= 78; cluster peak: 26, 58, —16; 7= 4.44). No significant associations emerged
with skin conductance level reactivity or respiration rate reactivity at this threshold.

3.4. Emotional Facial Behavior Relates to Real-World Behavior in Dyslexia

Linear regressions (controlling for age and sex) revealed that children with dyslexia who
displayed greater total emotional facial behavior had higher scores on the Social Skills, b=
0.17, #20) = 2.37, p=.03; Anxiety, b=0.19, {20) = 2.20, p=.04; and Depression, 6=0.21,
X20) =4.04, p< .001, BASC-2 subscales (Figure 4). Skin conductance level reactivity and
respiration rate reactivity were not significant predictors of any of these subscale scores.

3.5. Visceromotor Emotional Reactivity Is Not Associated with Reading or Age

Linear regression analyses (controlling for age and sex) in the children with dyslexia
revealed no significant associations between reading fluency (as measured with the GORT-5)
and emotional facial behavior, 6=0.25, 25) = 1.61, p=.12; skin conductance level
reactivity, 6=0.002, #24) =0.35, p=.73; or respiration rate reactivity, 6=0.02, {24) = 0.76,
p=.46. Likewise, there were no significant associations between phonemic decoding ability
(as measured with the TOWRE-2) and emotional facial behavior, 6=0.07, {26) =0.36, p
=.72; skin conductance level reactivity, 6=0.01, {25) = 1.87, p=.07; or respiration rate
reactivity, 6=0.05, {25) = 1.25, p=.22. These results suggest elevated emotional reactivity
in dyslexia was not accounted for by reading difficulties. Linear regression analyses
(controlling for sex) in the children with dyslexia also found age had no significant
associations with emotional facial behavior, 6=1.19, £29) = 0.88, p=.39; skin conductance
level reactivity, b= -0.01, 428) =-0.13, p=.89; or respiration rate reactivity, 6=-0.10,
#(28)=-0.34, p=.74.

4. Discussion

We found evidence for elevated visceromotor emotional reactivity in dyslexia. While
viewing emotion-eliciting film clips, children with dyslexia exhibited greater reactivity in
emotional facial behavior, skin conductance level, and respiration rate than children without
dyslexia. The groups did not differ in heart rate reactivity during the film-viewing task.
There was no significant difference between the groups in subjective emotional experience,
even when accounting for lower emotion word knowledge in children with dyslexia. Across
the sample, greater emotional facial behavior was associated with stronger intrinsic
connectivity between the right vAl and right pregenual ACC, key salience network hubs
(Seeley et al., 2007). Enhanced visceromotor emotional reactivity in dyslexia had real-world
implications: children with dyslexia who displayed greater emotional facial behavior had
better social skills as well greater symptoms of anxiety and depression. These findings
suggest that accentuated visceromotor emotional reactivity in dyslexia may have both
positive and negative impacts on social functioning, leading to interpersonal benefits as well
as affective vulnerabilities.
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Our results are consistent with longstanding models of brain asymmetry, which would
predict heightened emotional reactivity in dyslexia, a disorder typically characterized by
alterations in gray matter volume, white matter connectivity, gyrification, and task-based
activity in left-lateralized language networks (Caverzasi et al., 2018; Hoeft et al., 2007;
Krafnick et al., 2014; Langer et al., 2017; Paulesu et al., 2014; Richlan et al., 2013;
Vandermosten et al., 2015). Emotional facial behavior and autonomic nervous system
activity are direct readouts of the salience network, a distributed neural network critical for
emotion generation and sensation (Levenson et al., 2008; Seeley et al., 2012). The salience
network is anchored by the right vAI (Seeley et al., 2007), a final waystation in interoceptive
pathways that represent contextually embedded internal cues that color subjective experience
and guide behavior (Craig, 2011; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004). The
VA has tight reciprocal connections with the ACC (Craig, 2009), a salience network hub
that is critical for triggering the coordinated visceromotor cascades that accompany
emotions (Critchley et al., 2003; Sturm et al., 2013; Vogt, 2005). Previous studies have
shown that tighter intrinsic connectivity between the vAl and ACC is associated with more
intense emotional experience, greater autonomic nervous system responding, and higher
socioemotional sensitivity (Hermans et al., 2011; Seeley et al., 2007; Toller et al., 2018; Xia
et al., 2017). One previous study of children with reading disorders found they had elevated
connectivity between the amygdala and medial prefrontal cortex compared to children
without reading disorders and that greater connectivity between these structures related to
higher anxiety symptoms (Davis et al., 2018). These findings, like ours, suggest stronger
connectivity between emotion-relevant structures may relate to elevated emotionality in
dyslexia. At an uncorrected statistical threshold, greater connectivity between the right vAl
and the right frontal pole, a region critical for self-awareness and self-monitoring (Seeley &
Sturm, 2006), was also related to greater facial expressivity.

Heightened visceromotor emotional reactivity in dyslexia may result from alterations in any
number of underlying emotion systems, but further studies will be required to elucidate the
precise mechanisms underlying this enhancement. Emotional reactivity refers to the
generation of visceromotor outflow and subjective experience that unfold during emotions,
products of the salience network (Seeley, 2019). The salience network, though present from
the early days of life (Gao et al., 2015), undergoes structural and functional refinement
across development (Uddin et al., 2011; Zielinski et al., 2010). Although the salience
network shows a largely adult organization in middle childhood, connectivity between
certain nodes, including between right vAl and ACC, continues to strengthen until early
adulthood (Uddin et al., 2011). The developmental trajectory of the salience network in
dyslexia is unknown, but children with dyslexia may exhibit different patterns of within- or
between-network structural and functional connections that encourage visceromotor
emotional reactivity. Emotions unfold after an appraisal process (Ellsworth, 2013), and it is
also possible that elevated visceromotor emotional reactivity in dyslexia reflects an
underlying hypersensitivity or hyperreactivity to non-verbal (e.g., visual) cues that convey
affect (Diehl et al., 2014) or to difficulties with emotion regulation, the ability to modulate
our emotions to meet prevailing goals and demands (Gross, 2013). Emotional reactivity is
inextricably linked with emotion regulation (Campos, Frankel, & Camras, 2004; Mauss,
Bunge, & Gross, 2007), a process that often occurs automatically and is critical for adaptive
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social functioning (Eisenberg et al., 2010; Mauss et al., 2007). Emotion regulation develops
throughout childhood and adolescence and engages a lateral frontoparietal network that
supports cognitive, behavioral, and motor control (Ochsner & Gross, 2005). Children ages 8
— 12 engage emotion regulation systems in a different manner than adults and are less
effective at cognitive control (Bunge, Dudukovic, Thomason, Vaidya, & Gabrieli, 2002), but
how this system functions in children with dyslexia is not well understood. Prior studies of
dyslexia have found both lower functional connectivity at rest (Margolis et al., 2019) and
greater activity during phonological tasks (B. A. Shaywitz et al., 2002) in lateral inferior
frontal regions that support cognitive, emotional, and behavioral inhibition, making it
possible that greater visceromotor emotional reactivity in dyslexia may result from less
efficient engagement of emotion regulation systems. Additional studies are needed to
examine the different neural contributions to elevated visceromotor emotional reactivity in
dyslexia and to investigate whether our results differ across a wider range of developmental
stages. When emotions run high due to atypical functioning in any of these underlying
biological mechanisms, however, affective symptoms may emerge and impact everyday life
and well-being (Kring & Sloan, 2009).

There are limitations to the present study that should be considered. First, dyslexia is a
heterogeneous disorder, and debate continues to surround its etiology, diagnosis, and
treatment (S. E. Shaywitz, 1998). Like other complex clinical disorders, dyslexia likely
includes multiple subtypes (O’Brien et al., 2012), and it is likely that not all children with
dyslexia will exhibit the accentuated visceromotor emotional reactivity that we detected on
average at the group level. Here, we focused on children with dyslexia who have prominent
phonological processing deficits, but other subtypes of dyslexia may exhibit different
patterns of visceromotor emotional reactivity. The demographic characteristics of our
sample were also fairly homogenous, and many of the children were white and of middle to
high socioeconomic status, which may further limit the generalizability of our results. In
future studies of dyslexia, it will be important to identify subgroups of children with higher
visceromotor emotional reactivity who may benefit from early interventions that enhance
this strength and that teach strategies for handling strong emotions (Haft, Myers, & Hoeft,
2016). Music therapy may represent one promising avenue. The majority of work on music
therapy in dyslexia has focused on stimulating perception of rhythm and musical syntax,
which is mediated by the left hemisphere, including language areas (Forgeard, Winner,
Norton, & Schlaug, 2008; Habib et al., 2016; Overy, 2003). Such efforts have proven
successful in improving phonological awareness (Overy, 2003) and reading ability (Habib et
al,, 2016). As music perception involves the right hemisphere (Bever & Chiarello, 1974,
Halpern & Zatorre, 1999; Pallesen et al., 2005), elicits changes in autonomic activity
(Bernardi, Porta, & Sleight, 2006), and reduces anxiety symptoms (Goldbeck & Ellerkamp,
2012), future studies should investigate whether music can also be used to promote
rewarding positive emotional experiences and to reduce affective vulnerability in dyslexia.
Second, it is not possible to determine the causal relationship between reading difficulties
and accentuated visceromotor emotional reactivity in dyslexia. While one possibility is that
elevated emotional reactivity in dyslexia develops in response to chronic reading difficulties
and academic challenges, another possibility is that heightened emotional reactivity in
people with dyslexia is present prior to reading instruction. Previous research has found that
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prereaders who later received a diagnosis of dyslexia (Clark et al., 2014) had smaller gray
matter volume in brain regions that are critical for emotion and social regulation (e.g., right
orbitofrontal cortex), which suggests structures outside of the reading network may also be
involved early in dyslexia (Wang et al., 2019), even before reading problems are evident
(Beelen et al., 2019). Although it is possible that heightened visceromotor emotional
reactivity is directly associated with reading difficulties, our results did not suggest this was
the case given that the domains in which we detected emotional reactivity enhancement in
dyslexia were non-verbal (i.e., facial behavior and physiological activity) and were not
related to reading fluency or phonemic decoding scores. Many questions remain regarding
the association between reading and emotions, however, and additional research in this area
will help to clarify these important issues. Third, it is plausible that certain emotions are
more affected than others in dyslexia. Alternative models of brain asymmetry propose that
the left and right hemispheres not only differ in their functional specialization for language
and emotion but also in their dominance in affective valence (Davidson & Fox, 1982;
Sackeim et al., 1982). Future studies that further elucidate each hemisphere’s unique and
shared roles in negative and positive emotion generation will improve our understanding of
how emotion alterations may manifest in lateralized clinical disorders such as dyslexia.

Elevated visceromotor emotional reactivity is an important aspect of dyslexia that has
previously gone overlooked. Our results suggest that although individuals with dyslexia may
have reading difficulties, they may also exhibit strengths as well as vulnerabilities secondary
to enhanced visceromotor emaotional reactivity. Being highly attuned and sensitive to the
world around us can be an asset as well as a liability, making people with dyslexia keen
observers of salient cues in the environment yet potentially at risk for too many powerful
feelings. A more detailed conceptualization of language and non-language functioning in
dyslexia will be essential for improving treatment planning, prognosis, and well-being in
children and adults who struggle with reading.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Autonomic reactivity and facial behavior during emotions are elevated in
dyslexia

Emotional reactivity relates to stronger salience network hubs connectivity

Emotional reactivity correlates with greater social skills, anxiety, and
depression
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Figure 1. Laboratory-based assessment of emotional reactivity.
(A) Participants viewed emotion-eliciting film clips after a 60-second resting baseline period

in which they viewed an “X” on the computer monitor. Screenshots of the first 30 seconds of
the amusement film (captured at 5-second intervals) are shown for illustrative purposes. (B)
Participants were videotaped throughout the testing session. The screenshots of one
participant (he and his surrogate gave informed consent to publish his image), which are
time-locked with the stimuli shown in (A), are provided to illustrate the happiness/
amusement behavior that he expressed while watching the film clip. Physiological activity
was recorded continuously, and the raw electrocardiogram (EKG), skin conductance level
(SCL), and respiration (RESP) data during the baseline and trial are shown. Subjective
emotional experience was assessed via self-report questions at the end of each trial (not
shown). (C) Emotional facial behavior was later coded using an objective system that
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quantifies facial muscle movement; the second-by-second happiness/amusement intensity
codes are plotted here. After the raw physiological signals were processed, they were
reduced and exported as second-by-second averages. (D) Total emotional facial behavior
scores were computed by summing the intensity scores of all emotional facial expressions
displayed by the participant during each trial. To measure physiological reactivity, mean
activity during the baseline and trial were computed for each channel; reactivity scores were
computed for each channel by subtracting the mean activity level during the 60-second
baseline from the mean level during the most intense 30 seconds of the trial. The participant
and his guardian gave consent to use his image in this publication.
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Figure 2. Visceromotor emotional reactivity during film-viewing is elevated in dyslexia.
Linear mixed-effects models found a significant main effect of diagnosis for (A) emotional

facial behavior, skin conductance level reactivity, and respiration rate reactivity but not for
(B) heart rate reactivity or subjective emotional experience, suggesting that children with
dyslexia were more reactive to emotionally evocative stimuli than control children without
dyslexia. For each measure, averaged reactivity levels across the trials are shown to illustrate
this result. Error bars are the standard error of the mean computed across the trials. *
indicates p< .05.
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Figure 3. Emotional facial behavior reflects variability in intrinsic connectivity between right
VAI and right ACC.
(A) We seeded the right ventral anterior insula (vAl) to test whether stronger intrinsic

connectivity between vAl and right pregenual anterior cingulate cortex (pACC) was related
to greater emotional reactivity across the sample (7= 37). (B) Results indicated that stronger
VAI — pACC connectivity was associated with greater emotional facial behavior when
controlling for age, sex, scanner type, diagnosis, and time interval between the MRI and
emotion assessment (Gewe < .05). Color bars represent 7-scores. The shaded area represents
the 95% confidence interval.
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Figure 4. Associations between emotional facial behavior and real-world behavior.
In dyslexia, greater emotional facial behavior during film-viewing was associated with

greater social skills, anxiety, and depression, per parent reports on the BASC-2.
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Table 1 —

Participant demographics and cognitive test scores.

Dyslexia M(SD)  Controls M(SD) p

N 32 22
Age (years) 10.3(1.4) 10.5(1.5) .50
Sex (male/female) 17/15 11/11 .82
Handedness (right/non-right) 28/4 22/0 .08
Ethnicity (%)

White 63 64 .93

Asian or Pacific Islander 6 4 .79

Mixed Race 9 9 .97

Declined to State 22 23 .94
Annual Household Income (%)

$60,000 — $249,000 28 50 .10

$250,000+ 44 27 22

Declined to State 28 23 .66
Schooling (%)

Public 6 46 <.001

Private 91 36 <.001

Declined to State 3 18 .06
WASI: Matrix Reasoning (raw score) 24.1(3.8) 24.7 (4.9) .64
WASI: Matrix Reasoning (percentile) 71.3(21.7) 74.4 (22.5) .64
TOWRE-2: Sight Word Efficiency Subscale (raw score) 48.1 (17.5) 71.4(11.1) <.001
TOWRE-2: Sight Word Efficiency Subscale (percentile) 15.7 (18.7) 53.4 (26.5) <.001
TOWRE-2: Phonemic Decoding Efficiency Subscale (raw score) 21.5(11.6) 38.8 (9.4) <.001
TOWRE-2: Phonemic Decoding Efficiency Subscale (percentile) 12.7 (12.4) 54.6 (23.3) <.001
Woodcock Johnson 1V: Letter-Word Identification (raw score) 50.7 (9.8) N/A N/A
Woodcock Johnson IV: Letter-Word Identification (percentile) 29.4 (23.3) N/A N/A
Woodcock Johnson IV: Word Attack (raw score) 18.8(3.7) N/A N/A
Woodcock Johnson I1V: Word Attack (percentile) 32.6 (23.3)
GORT-5 Rate (raw score) 20.8 (9.7) N/A N/A
GORT-5 Rate (percentile) 21.2(19.0)
GORT-5 Accuracy (raw score) 15.3(6.7) N/A N/A
GORT-5 Accuracy (percentile) 11.6 (12.9)
GORT-5 Fluency (raw score) 36.1(15.1) N/A N/A
GORT-5 Fluency (percentile) 14.2 (12.6)
GORT-5 Comprehension (raw score) 23.8(7.9) N/A N/A
GORT-5 Comprehension (percentile) 25.7 (17.6) N/A N/A
BASC-2: Social Skills subscale (raw score) 16.4(4.1) N/A N/A
BASC-2: Social Skills subscale ( 7-score) 53.1(8.7) N/A N/A
BASC-2: Anxiety subscale (raw score) 10.0 (4.8) N/A N/A
BASC-2: Anxiety subscale ( 7-score) 46.1 (8.3) N/A N/A
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Dyslexia M(SD)  Controls M(SD) p

BASC-2: Depression subscale (raw score) 4.1(3.5) N/A N/A
BASC-2: Depression subscale ( 7-score) 44.4 (9.4) N/A N/A

T-tests and chi-square tests were used to determine whether there were significant differences between the groups. Cognitive scores are reported in
percentiles; means (M) and standard deviations (SD) are presented unless otherwise noted. N/A = not applicable. Behavior Assessment System for
Children, Second Edition (BASC-2), Gray Oral Reading Test — Fifth Edition (GORT-5), Test of Word Reading Efficiency — Version 2 (TOWRE-2),
and Wechsler Abbreviated Scale of Intelligence (WASI). Clinical measures including the BASC-2 (which was used here to assess social skills,
anxiety, and depression) were not administered to parents of children in the control group. Additional measures of reading, beyond the TOWRE-2,
were also not administered in the control sample in the interest of brevity and retention of participants.
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Table 2 —

Emotional reactivity during film viewing.

Dyslexia M(SD)  Controls M(SD)

Awe Film
Emotional Facial Behavior (units) 7.4 (10.5) 7.6 (9.5)
Heart Rate Reactivity (beats per minute) -0.3(3.6) 0.8 (4.6)
Skin Conductance Level Reactivity (microsiemens) 0.2 (0.5) 0(0.3)
Respiration Rate Reactivity (breaths per minute) 32(3.1) 0.8 (2.6)
Subjective Emotional Experience (units) 31(21) 3.0 (2.0)
Sadness Film
Emotional Facial Behavior (units) 17.1(14.9) 10.5(11.6)
Heart Rate Reactivity (beats per minute) -2 (5.7) -1.1(8.6)
Skin Conductance Level Reactivity (microsiemens) 0.6 (1) 0.2 (0.3)
Respiration Rate Reactivity (breaths per minute) 4.2 (3.5) 35(3.3)
Subjective Emotional Experience (units) 3.0(1.9) 2.5(1.5)

Amusement Film

Emotional Facial Behavior (units) 41.8 (22.0) 42.4 (22.7)
Heart Rate Reactivity (beats per minute) 0.2 (6.2) -05(7.2)
Skin Conductance Level Reactivity (microsiemens) 0.2 (0.6) 0.1(0.2)
Respiration Rate Reactivity (breaths per minute) 3.2(4.8) 2.4 (3.3)
Subjective Emotional Experience (units) 4.1(2.5) 3.6 (1.8)
Disgust Film
Emotional Facial Behavior (units) 30.5(23.9) 21.2 (26.5)
Heart Rate Reactivity (beats per minute) -2.6(7) -1.6 (6.6)
Skin Conductance Level Reactivity (microsiemens) 0.2(0.8) 0.1(0.2)
Respiration Rate Reactivity (breaths per minute) 52(3.7) 3.4(3.3)
Subjective Emotional Experience (units) 29 (1.3) 3.0 (1.5)

Nurturant Love Film

Emotional Facial Behavior (units) 18.8 (18.5) 19.6 (18.2)
Heart Rate Reactivity (beats per minute) -4.9 (5.5) -4.9 (7)
Skin Conductance Level Reactivity (microsiemens) 0(0.5) -0.2 (0.3)
Respiration Rate Reactivity (breaths per minute) 4.5 (3.5) 2.6 (2.9)
Subjective Emotional Experience (units) 31(2.3) 3.4 (2.4)

Means (M) and standard deviations (SD) for emotional facial behavior, physiological reactivity (trial minus baseline), and subjective emotional
experience are presented for each group.
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