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Miller?, Maria Luisa Gorno Tempini&P¢, Christa Watson Pereira®?"

aDepartment of Neurology, University of California, San Francisco, CA 94158, USA.
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Abstract

Developmental dyslexia is the most commonly diagnosed learning disability affecting 5-17%

of the population. Diagnostic criteria describe specific difficulties in reading notwithstanding
adequate motivation, instruction, and intelligence, and single-deficit models, including the
phonological deficit theory, have historically prevailed. As such, research and assessment heavily
focus on reading ability and language, with less frequent investigation of functioning across
other domains. Children seeking diagnosis and intervention for reading difficulties, however,

do not always show phonological deficits, and may also present with varied strengths and
challenges beyond reading and language. Here, we describe through extensive neurological,
neuropsychological, and academic evaluation, four children with atypical presentations of
dyslexia. These cases showed heterogenous profiles of functioning impacting visuospatial,
socio-emotional, and attention domains with spared phonology, alongside long-standing reading
difficulties. Diffusion tensor imaging of major white matter pathways revealed atypical
lateralization of the inferior longitudinal fasciculus, reduced fractional anisotropy in the left
uncinate fasciculus, and increased fractional anisotropy bilaterally in the temporoparietal
component of the superior longitudinal fasciculus compared with matched neurotypical children.
These findings underscore the value of deep phenotypic descriptions and detailed testing of
children with learning disabilities and emphasize that difficulties may extend beyond reading in
children presenting with a history of dyslexia.
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Introduction

Developmental dyslexia (henceforth dyslexia), a specific learning disability characterized
by pervasive difficulties in learning to read, despite typical motivation, intelligence, and
instruction (Lyon et al., 2003) is common, with a 5-17% prevalence of between 5.6 and
6.6%, depending on the diagnostic criteria employed (Di Folco et al., 2021). Models of
dyslexia have largely focused on mapping a single deficit that could explain the observed
reading difficulties with candidates including phonological impairment (Stanovich, 1988;
Swan & Goswami, 1997), slow automatized naming (Wolff et al., 1990), and reduced verbal
working memory capacity (Berninger et al., 2006).

Many individuals with trouble reading, however, do not show these purported underlying
language deficits (Pennington et al., 2012; Reid et al., 2007), implying substantial variation
in the underlying cognitive features (Di Betta & Romani, 2005; Ellis, 1985; Martin, 1995;
McCloskey & Rapp, 2000), and alternative approaches acknowledge that learning to read
relies on multiple processes (Bishop & Snowling, 2004; Pennington, 2006; Wolf & Bowers,
1999). Some accounts therefore propose upstream differences in vision (or visual attention)
and audition, that may have secondary effects on phonology and reading (Bosse et al., 2007,
De Luca et al., 2002; Eden et al., 1996; Facoetti et al., 2005; Goswami, 2011; Watson &
Willows, 1993).

Existing accounts, however, provide incomplete explanations for the frequent presentation
of non-linguistic differences in dyslexia including psychiatric (Hendren et al., 2018)

and visuospatial (McCloskey & Rapp, 2000; Ramus et al., 2003; White et al., 2006)
features. Such cases are usually explained as reflecting comorbidity, for example, a co-
occurrence of other neurodevelopmental conditions (e.g., Snowling, 2012), such as attention
deficit hyperactivity disorder (ADHD; Germano et al., 2010). Comorbidity positions
additional non-reading features as distinct from dyslexia, indicating the presence of multiple
diagnostic categories. As many as 40% of school-age children who meet criteria for one
neurodevelopmental disorder also meet criteria for another (Kadesjo & Gillberg, 1999;
McArthur et al., 2000; Rochelle & Talcott, 2006; Willcutt & Pennington, 2000), however,
suggesting this is far from a rare occurrence. Clinical research has a tendency to discretize
and focus on “pure” cases who only show a single clear phenotype, but this may distort

our understanding of how strengths and vulnerabilities develop in tandem. For example, in
a study Saksida and colleagues (2016) it was concluded that visual processing variables did
not explain any additional variance in literacy in children with dyslexia after accounting

for phonological variables, but participants with other co-occurring challenges, including
inattention, were excluded. To better understand how performance across domains is related,
and the associated neuroanatomy, investigations of so-called “atypical” cases are needed.

Dyslexia has been associated with structural and functional differences in the left cerebral
hemisphere (Caverzasi et al., 2018; Rimrodt et al., 2010; Silani et al., 2005), in line with
findings suggesting that mature reading is supported by a left-hemisphere network of frontal,
temporoparietal, and occipitotemporal cortical regions (Fiez & Petersen, 1998; Turkeltaub
et al., 2002). Given the disparate regions involved, reading likely also requires adequate
communication between regions. Indeed, reduced functional and structural connectivity
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between reading network regions has been observed in dyslexia (Finn et al., 2014; Rimrodt
etal., 2010). In particular, reduced integrity of the left arcuate fasciculus, which connects
temporoparietal and inferior frontal regions, and the inferior fronto-occipital fasciculus,
linking occipital and temporal regions has been observed (Cui et al., 2016; Rimrodt et

al., 2010; Vandermosten et al., 2012). Many of these brain associations, however, have

not replicated (Ramus et al., 2018; Meisler & Gabrieli, 2022), with small sample sizes

and variable methodology cited as potential explanations. Moreover, subtypes of dyslexia
with distinct cognitive impairments may relate to distinguishable anatomical markers (van
Ermingen-Marbach et al., 2013; Jednordg et al., 2014; Pecini et al., 2011) which likely
introduces heterogeneity into group studies that collapse across subtypes.

A focus on mapping the language profiles of individuals with dyslexia has undoubtedly
contributed tremendously to our understanding of the academic challenges these individuals
face, and potential remediation strategies for these challenges. This focus has been
constrained, however, by the prevailing single deficit accounts of the condition and the
narrow focus on “pure” cases and those with a primary phonological deficit. A thorough
understanding of the underlying causes of reading impairment, that can account for the
heterogenous profiles of individuals who carry this diagnosis, continues to elude us. A lack
of homogeneity at the level of underlying cognitive deficit may preclude the rationale for
group-based studies (Badian, 1997; Ho et al., 2002). As an alternative, deep phenotyping
involves the fine-grained individual-basis examination of the multiple discrete components
that comprise a phenotype and is a key tool in precision medicine (Delude, 2015). Such an
approach has already proven effective in uncovering the existence of visuospatial difficulties
in dyslexia (McCloskey & Rapp, 2000). Here, we describe a series of four children

that show both marked reading difficulties commensurate with the diagnostic criteria for
dyslexia, in addition to several other strengths and challenges not included in the diagnostic
criteria. Family, birth, and developmental histories for each of these cases are reported, as
well as the results of neurological, neuropsychological, and academic testing. Segmentation
of major white matter pathways bilaterally was performed, and compared with a comparison
group of neurotypical children.

2. Methods

2.1 Participants

The study sample is formed of two groups of participants: the four cases demonstrating
atypical dyslexia, and a comparison group of neurotypical children (7= 18). Almost half
the participants were monolingual English speakers (41%), 18% were Bilingual English
speakers, 14% had some exposure to an additional language other than English, and 27%
were absent information on language background. All participants underwent magnetic
resonance imaging (MRI) and data from the neurotypical participants were used solely

for the interpretation of neuroimaging data. Detailed case reports, cognitive, and academic
data are only provided for the four atypical cases. All procedures were approved by the
local institutional ethical review board and conducted in agreement with the Declaration of
Helsinki. Guardians provided informed consent for their participation in the research and the
children provided their assent.
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2.1.1 Selection of illustrative cases for case report—A total of 270 pediatric cases
were seen at the University of California San Francisco (USCF) Dyslexia Center during the
period 2014-2020. Of these 270, 37 showed evidence of both dyslexia and co-occurring
visuo-spatial, visuo-motor, or socio-emotional challenges. In this case series, we focus on
describing in detail four illustrative cases. All four cases were native English speakers and
monolingual. See Table 1 for demographic information and presenting diagnoses at the

time of evaluation for each of these four children. See Case reports section 3.1 for detailed
descriptions of the history and current presenting concerns of the four cases.

2.2 Procedure

Each of the four cases underwent a detailed evaluation by a multidisciplinary team

at the UCSF Dyslexia Center, which included family and developmental histories,
neuropsychological evaluation, neurological examination, and academic testing. Primary
caregivers completed the Behavioral Assessment System for Children (BASC-2; Reynolds
& Kamphaus, 2004), the Vanderbilt ADHD Diagnostic Parent Rating Scale (Wolraich et al.,
2003), and the Sensory Profile (Dunn, 1999).

Nonverbal reasoning was measured with the Matrix Reasoning section of the Wechsler
Abbreviated Scales of Intelligence (WASI, Psychological Corporation, 1999). Receptive
vocabulary was measured using Receptive One-Word Picture Vocabulary Test — fourth
edition (ROWPVT-4; Martin & Brownell, 2011), to provide an index of verbal reasoning
ability. Short-term and working memory capacity was measured using digit and spatial
spans, forwards and backwards, from the Wechsler Intelligence Scale for Children -
Integrated — fourth edition (WISC-1V Integrated; Wechsler et al., 2004). The Word
Generation subtest from the NEPSY Developmental Neuropsychological Assessment —
second edition (NEPSY-II; Korkman et al., 2007) was used to derive scores of semantic
and phonemic fluency. Phonological awareness was gauged using Segmentation, Sound
Blending, and Sound Awareness measures from the Woodcock Johnson 1V Test of
Achievement (Schrank et al., 2014). Rapid automized naming was measured using the
Rapid Picture Naming task from the Woodcock Johnson 1V Test of Achievement (Schrank
et al., 2014). Memory for words was measured with the Woodcock Johsnon 1V Test of
Achievement subtest of the same name (Schrank et al., 2014).

Reading of real- and pseudo-words was assessed with untimed single-word reading
measures (i.e., Letter-Word Identification and Word Attack) from the Woodcock Johnson 1V
Test of Achievement (Schrank et al., 2014) as well as the timed Test of One-Word Reading
Efficiency — second edition (TOWRE-2; Torgesen et al., 2012) and the Gray Oral Reading
Test — fifth edition (GORT-5; Wiederholt & Bryant, 2012), which measures paragraph
reading ability. Specifically, both the ability to recognize familiar words and “sound out”
unfamiliar words was assessed. For familiar words, the Letter-Word Identification subtest
of the Woodcock Johnson Tests of Achievement requires participants to read a list of real
words of increasing difficulty, tapping word-identification skills. The Sight Word Efficiency
(SWE) subtest of the TOWRE-2 is similar to the letter-word identification subtest of the
Woodcock Johnson IV Test of Achievement, assessing the number of real printed words
that can be accurately read within 45 seconds. For unfamiliar words, the Word Attack
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subtest of the Woodcock Johnson IV Test of Achievement requires participants to pronounce
nonsense words of increasing complexity, tapping the ability to apply phonetic and decoding
skills to unfamiliar words. Similarly, the Phonetic Decoding Efficiency (PDE) subtest of the
TOWRE-2 requires participants to do the same within 45 seconds. Paragraph reading was
assessed using the GORT-5, which requires participants to read passages of text aloud and
answer open-ended questions on the content. Scores reflect reading rate, fluency, accuracy,
and comprehension.

Visuospatial processing was assessed using Judgement of Line Orientation (Benton et al.,
1975), Beery-Buktenica Test of Visuomotor Integration — fourth edition (short form; Beery
& Beery, 2010), and copy and recall of the Rey-Osterrieth Complex Figure (Osterrieth,
1944). Judgement of Line Orientation requires the participant to indicate which of 11 printed
lines match the visual angle of two target lines (Benton et al., 1975). The task is repeated
for a total of 30 trials. Copy of the Complex Figure (Osterrieth, 1944) requires participants
to reproduce a complex line drawing by copying freehand, thus providing a measure of
visuospatial constructional ability as well as organizational strategy. Recall is completed

3 minutes later and requires the participant to draw from memory the original figure,
providing an indication of visuospatial memory. The Beery-Buktenica Test of Visuomotor
Integration is a test of the participant’s ability to coordinate visual and motor abilities. In
this short-form version, the participant is required to copy freehand 15 geometric forms of
increasing complexity.

Visuomotor tracking and divided attention was assessed using the Children’s Colored Trails,
A and B (Williams et al., 1995). Mathematical ability was assessed using the Woodcock
Johnson 1V Tests of Achievement Calculations subtest. Participants also completed a novel
computerized visuospatial navigation task, which required them to learn a series of 15

turns through a virtual neighborhood which they navigated by turning a steering wheel and
selecting their chosen direction. Participants could make use of both egocentric cues (e.g.,

I turn to my left after | turn to the right) and allocentric cues (e.g., | turn left after the
general store) to aid navigation. They had a total of 15 attempts to correctly complete the
route. Feedback was provided on each trial via auditory and visual signals that an incorrect
turn had been attempted. Additionally, participants’ recall of the route was assessed after

a 35-45 minute delay. The number of attempts that it took participants to learn the route
(i.e., completion of all 15 turns without error) was recorded (maximum = 15), as well as the
number of turns that they recalled after the 35-45 minute delay (maximum = 15).

Unless otherwise stated, all scores reported in the Results represent percentile scores

using published norms. Discretized norms are not currently available for the poorest copy
performance on the Rey-Osterrieth Complex Figure, therefore in order to enable comparison
with the other measures collected, new percentile scores were imputed as follows. For
percentile scores of =16, 11-16, 6-10, 2-5 and <1, scores of 20, 13.5, 8, 3.5, and 0.5

were imputed, respectively. In addition, norms are not currently available for the novel
visuospatial navigation task; we therefore report whether participants learnt the route and
whether they successfully replicated it after the delay period. Children without a history

of academic challenges, forming the neurotypical cohort, underwent an abridged evaluation
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comprising nonverbal reasoning measured with Matrix Reasoning, and timed single-word
reading on the TOWRE-2 to verify their group membership.

2.3 Neuroimaging

The comparison group was formed to aid in visual interpretation of white matter
segmentation results, therefore, all participants, including the four cases, underwent a

brain magnetic resonance imaging (MRI) acquisition. To closely match the demographic
characteristics of the cases, 18 right-handed neurotypical children (50% male; M age = 8.7,
SD age = 0.8), aged between 7 and 10 years, were selected from the UCSF Dyslexia Center
cohort. Comparison groups were matched to the cases at the group level on age [W=36.5, p
= 1] and sex [y4(2) = 0.12, p=.724].

A high resolution T1-weighted three-dimensional image and diffusion weighted images
(DWI) were acquired for each participant within 12 months of cognitive evaluation. Fifteen
participants were scanned on a 3-T Siemens Trio scanner equipped with a 12-channel
head/neck coil and 21 on a 3-T Siemens Prisma scanner equipped with a 64-channel
head/neck coil (Siemens, Erlangen, Germany). Scanner use was randomly distributed
amongst the groups [)(2(2) =2.79, p=.095]. The protocol included a T1-weighted three-
dimensional sagittal Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE)
sequence with the following parameters: 160 sagittal slices; TR/TE/T1=2300/2.98/900 ms,
1x 1 x 1 mm3 voxel size, field of view (FOV): 256 x 240 mm?, flip angle =9 deg, parallel
imaging acceleration factor (iPAT) =2. DWI data were acquired with a single-shot spin-
echo echo-planar imaging (SS-EPI) sequence with the following parameters for the Trio
scanner: 55 axial slices, in-plane resolution of 2.2x2.2 mm?, slice thickness of 2.2 mm,
TR/TE = 8000/109ms, FOV: 220x220 mm?, flip angle = 90 deg; 64 noncollinear diffusion
sensitization directions at b = 2000 s‘fmmm2 and 1 volume at b=0 s/mmmz2, iPAT = 2; and
the following parameters for the Prisma scanner: 69 axial slices, in-plane resolution of 2x2
mmz2, slice thickness of 2 mm, TR/TE = 2420/72.20ms, FOV: 200x200, flip angle = 85 deg;
96 noncollinear diffusion sensitization directions at b = 2500 s/mmm2 and 10 volume at
b=0 s/mmmz2, iPAT = 2 and multiband factor of 3. Images were visually inspected by two
experienced neuroradiologists for quality control purposes and to exclude the presence of
artifacts and brain abnormalities; all were negative.

Automated bilateral segmentation of major white matter pathways comprising arcuate
fasciculus, superior longitudinal fasciculus (segments I and Il [SLF-IP]; temporoparietal
segment [SLF-TP], Kamali et al., 2014), frontal aslant, uncinate fasciculus, inferior fronto-
occipital fasciculus (IFOF), and inferior longitudinal fasciculus (ILF) was performed.

The automated segmentation pipeline is described in detail in Jordan & Lauricella et al.
(2021). We focused on structural asymmetry, measured with laterality indexes (number

of voxels), and tract integrity, measured with fractional anisotropy (FA). Outliers in the
comparison group were considered to be +/- two standard deviations from the mean level
in the tract; these indexes were removed. Two-sample £tests were performed to analyze
group differences in tract metrics; non-parametric Mann-Whitney tests were substituted in
instances where the data deviated significantly from normality. Readers should note that
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due to the exploratory nature of the study, we did not perform correction for multiple
comparisons.

3. Results

3.1 Case reports

3.1.1 Case 1, a right-handed male with a previous diagnosis of dyslexia, was nine years old
at the time of evaluation. Concerns about his development first arose in preschool, as he
seemed delayed relative to his peers. He would become upset when asked to write, including
his own name. He obtained a diagnosis of dyslexia prior to second grade and enrolled in

a specialized school for children with learning differences in the third grade. Maternal and
paternal grandparents were suspected of having dyslexia, and maternal grandparents had a
history of anxiety.

Case 1 reported sensory sensitivity to certain clothing patterns and tags. He reported that
plaid patterns bothered him and he was picky eater. Responses on the Sensory Profile
indicated a definite difference in vestibular processing, emotional and social responses to
sensory stimulation, and behavioral outcomes of sensory processing. He had some ongoing
motor stereotypies such as hand-flapping when excited. Coordination difficulties pertained
mainly to writing and he offered that he “finds it hard to get ideas on paper”. He also
experienced some left-right confusion, and a mild delay in learning to tie his shoes laces,
acquiring this skill by age nine. Neurological examination indicated bilateral slow fine
finger movements which were poorly fractionated (i.e., difficulty isolating movement of
each finger) with some mirroring and significant dystonic posturing during stressed gait.

On testing, his poorest visuospatial performance was observed in judgement of line
orientation with a score indicative of borderline impairment, while visuomotor integration
scores were in the average range. Language testing revealed phonological awareness,
rapid automized naming, and memory for words in the average range, with the lowest
performance in rapid picture naming at the 16™ percentile. See Table 2 for the results of
academic and neuropsychological testing and Table 3 for a summary of parents’ responses
to questionnaire measures for all cases. He did well on the real-world test of navigation,
learning the route by the seventh attempt and remembering all turns after the delay period.
In tests of reading, he showed performance in the bottom fifth percentile on timed tests of
single word reading, both for real and non-words. Paragraph reading fluency, rate, accuracy,
and comprehension were in the low average range. Indeed, he reported that his favorite
academic subject was now reading, and he particularly liked adventure books. Learning a
second language, however, proved very difficult for him.

Case 1 was well known at school for having a messy desk, distracted behavior, and
fidgeting. He met criteria for ADHD, inattentive subtype on the Vanderbilt questionnaire.
Emotionally, he reported sometimes feeling sad and lonely. Responses on the BASC-2
indicated clinically significant withdrawal, and in addition suggested risk for anxiety,
depression, and functional communication impairment. He prefers quieter one-to-one play
to raucous fast-paced group play. At night, it could take him up to an hour to fall asleep,
although it was unclear if this was related to over-activity or worry. Encounters with our

Neurocase. Author manuscript; available in PMC 2023 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palser et al.

Page 8

multidisciplinary team of evaluators evidenced a typical amount and appropriate use of
facial expressions, eye contact, and communicative gestures.

3.1.2 Case 2, a right-handed female, was nine years old at the time of evaluation

and previously received diagnoses of dyslexia and dyscalculia. A developmental history
indicated early psychomotor differences: she was ambidextrous until age three years, tying
her shoelaces proved difficult to master, and she remained uncoordinated to the present

day. She had mild early difficulty with articulation but otherwise her parents reported

no concerns about her ability to communicate verbally. There was a family history of
neurodevelopmental disorders. Her older sister carried diagnoses of dyslexia and dyscalculia
and suspected ADHD. Her father suspected he had dyslexia although had no formal
diagnosis and her mother suspected she had dyscalculia.

Concerns about Case 2’s academic performance arose in the first grade, when teachers
noted that she was frequently reversing numbers and letters. She has since participated in a
number of interventions including the Wilson Reading System and is reported to have made
significant progress. She attended a mainstream elementary school but received ongoing
mathematics and reading support. She reported that mathematics is her most difficult
subject, alongside reading.

On testing, both her nonverbal reasoning and receptive vocabulary were in the high
average range. Phonological awareness, rapid automized naming, and memory for words
performance were in the average range, with a sound blending score in the superior range
(93 percentile). Scores on timed tests of single real- and non-word reading fell in the fifth
percentile. Her paragraph reading rate, fluency, and comprehension fell within the average
range, with reading accuracy in the low average range. On tests of visuospatial functioning,
her scores were varied. Her judgement of line orientation was very poor, indicating ability
in the lowest percentile and she failed to learn the route in the real-world navigation task.
Calculations testing also indicated impairment. She did a little better on the figure copy
and recall, with performance commensurate with borderline impairment. By contrast, no
impairment was observed on visuomotor integration, with an average range score. A radar
plot comparing key academic and cognitive scores across domains in the four cases is show
in Figure 1.

Parent responses to the Sensory Profile indicated a definite difference on a number of
subscales, including vestibular processing, sensory processing related to endurance and
tone, and sensory modulation related to body position and movement. Socially, her parents
reported introversion when meeting new people, but she was described as extremely
loyal and empathetic given sufficient time. Starting and maintaining conversations was
very difficult and she sometimes felt rejected by her peers. Her mother offered that “she
gives of herself constantly, sometimes to her own detriment.” She often worried, was
tense, and feared humiliation in front of her peers. Her mother also reported that she
suffered from anxiety around bedtime and experienced nightmares once or twice a week.
Scores on the BASC-2 indicated clinically significant anxiety and risk for functional
communication impairment. Vanderbilt scores were not indicative of ADHD. Encounters
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with our multidisciplinary team of evaluators evidenced a typical amount and appropriate
use of facial expressions, eye contact, and communicative gestures.

3.1.3 Case 3, a right-handed female, was eight years old at the time of evaluation. She
carried previous diagnoses of dyslexia, ADHD, and anxiety. A developmental history
revealed that she was delayed in learning to dress herself and continued to have difficulties
with putting on socks and tying shoelaces. Her handwriting was messy, and she had to

be reminded to write slowly. It took her a long time to learn to skip and ride a bike.
Neurological examination indicated that rapid finger tapping, opening and closing of the
fist, and pronation-supination movements were slow on the right side and accompanied

by some mirroring on the left. The family history was significant for learning differences
and mood disturbance. Her mother had a history of depression and suspected dyslexia
despite no formal diagnosis. A younger sister was undergoing speech therapy for articulation
difficulties and was currently awaiting an evaluation for dyslexia.

Concerns about Case 3’s learning first arose towards the end of kindergarten, as she
struggled to differentiate the written form of six and nine. In the first grade, teachers
observed delay in reading and letter-reversal when writing. Since kindergarten she had
received twice weekly tutoring, which proved helpful, and since second grade she has
received small group tutoring outside the classroom, focused on reading, writing, and
mathematics, for 90 minutes a day, four times a week. This year she began attending a
specialized school for children with learning differences. In her spare time, she enjoyed
building things and imaginative, pretend play.

Receptive vocabulary was notably in the very superior range (see Table 2), and her mother
described her as very verbal. She did occasionally mix up syllables. Her nonverbal reasoning
was in the high average range. On standardized tests, real-word reading was poorer

than non-word reading, indicating borderline impaired versus low average performance,
respectively. Weaknesses in the accuracy and fluency of paragraph reading were observed,
with scores in the low average range. In concordance with Cases 1 and 2, on visuospatial
testing her judgement of line orientation was impaired. Figure copy was also borderline
impaired. By contrast, phonological awareness, memory for words, and rapid automized
naming scores were in the average range, with high average performance observed in
segmentation and sound blending. She also did well on the real-world test of navigation,
learning the route by the seventh trial, and remembering all but one of the turns after the
delay.

A number of attentional challenges including distraction and daydreaming were reported by
her parents. She had difficulty following multi-step instructions and quickly became irritated
and frustrated. Her mother reported that she often had difficulty recalling recent events, such
as forgetting what they discussed having for dinner over the course of the day, and wondered
if this is due to limited attention during the initial conversation. Scores on the Vanderbilt
indicated that she continued to meet criteria for an ADHD inattentive subtype diagnosis (see
Table 3).
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Emotionally, she feared being alone and often wanted someone to be in the room with her
as she fell asleep. Parent responses to the BASC-2 questionnaire indicated that she was in
the at-risk range on a number of socio-emotional scales, including social skills, functional
communication, emotional self-control, and negative emotionality, and in the clinically
significant range for withdrawal. She also scores in the at-risk range for a developmental
social disorder. She endorsed sensory sensitivity to clothing tags and parent responses to
the Sensory Profile indicated a definite difference on all subscales apart from two. During
spontaneous speech she evidenced reduced prosodic variation, and overall reduced loudness.
Despite these features suggesting a possible autism spectrum disorder, her capacity for
back-and-forth communication, and absence of restricted repetitive patterns of behavior or
interests, as well as the absence of reported social differences in early childhood, precluded
such a diagnosis.

3.1.4 Case 4, a right-handed female, was nine years old at the time of evaluation. At age
seven she received diagnoses of dyslexia, ADHD, and dyspraxia. Developmental differences
were first observed in early life, and she received intervention at a feeding clinic for fine
motor control and solid feeding difficulties for a year beginning at age two and a half. Her
teachers in preschool also noticed that she struggled to hold a pencil, continuing to employ a
fisted grasp rather than the more typical finger-based grasps at this age. Her parents believed
her difficulties with reading were masked early on because she would memorize the content
of books to give the impression that she was reading along and were ultimately indicated by
repeated testing over time.

Fine motor challenges continued, and she did not feel coordinated. She received
occupational therapy from the age of five, focused on sensory integration, visual processing,
and proprioception. Following this intervention she successfully held a pencil correctly, and
learnt how to buckle and tie shoes. Her parents reported that messy handwriting and trouble
with hand-eye coordination during sports continued. Case 4 had a family history involving
both learning differences and psychiatric symptoms. Both her father and sister had dyslexia.
Her maternal grandmother developed psychosis and paranoia beginning in her fifties, before
committing suicide at the age of 63. Maternal uncles carried diagnoses of schizophrenia and
obsessive-compulsive disorder, and possible personality disorder.

Case 4 had received extensive intervention, including occupational therapy as described
above, as well as reading therapy once a week, and an intensive summer reading course at
age six. She had also attended a specialized school for children with learning differences
since second grade. Her parents volunteered that she was easily overwhelmed by new
experiences and that when she started school at age four, she would cry for two hours every
afternoon, due to feeling overwhelmed by the experience. This behavior was ongoing, and
she was receiving cognitive behavioral therapy, with the goal of increasing her emotion
regulation abilities in novel circumstances. In line with this, responses to the BASC-2 placed
her within the at-risk range for emotional self-control and negative emotionality.

Her mother reported that she had a strong vocabulary, although it could take her some
time to organize her thoughts. On testing, her receptive vocabulary and nonverbal reasoning
scores were in the average range. Her reading scores, with the exception of Woodcock-
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Johnson word attack, fell in the 16t percentile or below, with the majority below the

10™ percentile. Phonological awareness, memory for words, and rapid automized naming,
however, were in the average range, with a high average segmentation score. Her parents
reported that she was not permitted to go anywhere alone, as they feared she would get
lost, and indeed, on the test of real-world navigation, she was not able to learn the route.
She obtained a score of 12/15 correct turns by trial 10 but was not able to replicate this

or improve further on subsequent trials. However, she did recall 11 of the turns after the
delay period, which indicated good retention of what she was able to learn. Figure copy and
recall scores were both within the impaired range, suggesting deficits in both encoding and
retention of visuospatial information. Judgment of line orientation performance was also in
the borderline impaired range.

She reported ongoing sensory sensitivity to rough clothing, and clothing tags, as well as
certain food textures. For example, she would not eat yogurt or pudding-type foods. She also
experienced headaches after prolonged reading, particularly small font. Parent responses

to the Sensory Profile indicated a definite difference in behavioral outcomes of sensory
processing, and a probable difference in auditory processing, multisensory processing,
emotional and social responses to sensory stimulation, and sensory processing related to
endurance and tone. There were no findings on neurological examination. As with the other
cases, encounters with our multidisciplinary team of evaluators evidenced a typical amount
and appropriate use of facial expressions, eye contact, and communicative gestures.

3.2 White matter tractography

Statistical comparison of laterality indexes revealed significantly greater rightward structural
asymmetry in the ILF in the atypical cases compared with neurotypical controls [ W= 56,
p=.022] (Figure 2). There were no significant differences in structural asymmetry in the
remaining pathways (see Supplementary Table 1). Regarding tract integrity, the four atypical
cases showed significantly lower FA in the left uncinate fasciculus [#(13.44) = 2.71, p=
.017] (Figure 2A) and significantly greater FA in left [#(10.21) = 4.68, p < .001] and right
[£(17.92) = 4.36, p< .001] SLF-TP (Figure 2B & C). There were no significant differences
in tract integrity in the remaining pathways (see Supplementary Table 2). Reconstructions of
each case’s tracts can be viewed in Supplementary Figure 1.

2 Discussion

Here, we present findings from detailed multidisciplinary evaluations of four children with
dyslexia. Differences were extensive and not limited to reading. All four of the cases
described here carry existing diagnoses of dyslexia and continue to experience severe
difficulties in reading, despite extensive remediation. Specifically, all four cases showed
reading performance below the fifth percentile on at least one standardized measure and
average intelligence or above. In addition, they showed a number of other strengths

and difficulties that cross cognitive domains. Testing revealed that all four cases showed
performance within the borderline impaired range or below on at least one standardized

test of visuospatial processing, socio-emotional problems, and sensory sensitivity. Strikingly,
although reading was the primary presenting concern for these children, for three of the
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four cases, visuospatial performance was poorer than the lowest reading score. Moreover,
all cases showed phonological awareness, rapid automized naming, and memaory for words
within the average to superior range, which stands counter to the notion that these skills are
the core underlying deficit(s) in dyslexia. All four cases had developmental concerns prior
to the second grade, most frequently in the form of motor delay. This contrasts typical cases
of dyslexia, who are not normally identified until after the first few years of formal reading
instruction. When early signs are present, they normally take the form of difficulties with
speech and language (Richardson et al., 2003, 2009).

The measure on which we most consistently observed poor performance in these children
was judgement of line orientation; this was also where three out of four cases displayed their
poorest visuospatial performance, with two cases performing below the lowest percentile.
Impairments on this task have been described sporadically in dyslexia (Eden et al., 1996)
while others report visuospatial strengths (Attree et al., 2009; Brunswick et al., 2010),
indicating that there may be subtypes of dyslexia that dissociate in visuospatial ability
(Bakkar et al., 1990), with the children included here representing those with the greatest
difficulties. These cases also showed other characteristics that are not part of the diagnostic
criteria for dyslexia. All experienced sensory sensitivities, psychomotor difficulties, and
socio-emotional challenges, particularly withdrawal, reduced functional communication, and
signs of impaired emotion regulation. While these features have been shown to occur to a
greater extent in those with learning differences than the general population (Dove & Dunn,
2008; Elksnin et al., 2004; Sharfi & Rosenblum, 2015; Taur et al., 2014), they have not been
extensively studied in dyslexia.

Heterogenous and atypical presentations present a challenge for single deficit models of
dyslexia and are also not fully accounted for by the majority of multiple deficit models
either. Some authors have attempted to organize symptoms in neurodevelopmental disorders
into primary, secondary, correlated, or artifactual features (Pennington & Ozonoff, 1991). It
is clear that the additional features described in these cases are not primary to a canonical
phonological dyslexia, as many individuals who carry the diagnosis appear not to experience
challenges in visuospatial, sensory, socioemotional, or attention domains. What is less

clear, however, is whether these represent correlated (arising from the same etiology, but

not universal or specific), secondary (arising as a result of primary reading impairment

or correlated symptoms), or artifactual (unassociated to primary phenotype) features of
dyslexia. Genetic studies have found shared heritability for dyslexia and ADHD, particularly
inattentive symptoms (Doust et al., 2022; Gialluisi et al., 2021), and so this correspondence
is known not to be artifactual. The same has yet to be conclusively demonstrated, however,
for disorders of affect, visuospatial challenges, and sensory sensitivities, although a shared
familial risk for anxiety and dyslexia has been found (Willcutt, 2014). Affective challenges
are often thought to result from academic struggles (e.g., Carol & lles, 2006), while others
argue that anxiety distracts from learning and interferes with cognitive processes necessary
for reading, leading to increased risk for reading disorder (Bryan, Burstein, & Ergul, 2004).
Evidence for a bidirectional relationship has also been found (Grills-Taquechel et al., 2012).

Alterations in white matter organization have previously been associated with dyslexia
(although see Meisler & Gabrieli, 2022) and the current tractography analyses contribute
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to an emerging picture of neuroanatomical heterogeneity in dyslexia (Banfi et al., 2019;

van Ermingen-Marbach et al., 2013; Jednordg et al., 2014; Pecini et al., 2011). Specifically,
compared to neurotypical children, we observed greater rightward asymmetry in volume

of the ILF in the children with atypical dyslexia, alongside greater FA bilaterally in the SLF-
TP, and reduced FA in the left uncinate fasciculus. The uncinate fasciculus contributes to a
ventral reading network (Schlaggar & McCandliss, 2007), connecting the anterior temporal
lobe to the frontal lobe (Catani et al., 2002). Disruption in the uncinate fasciculus has been
linked to abnormalities in social behavior across neuropsychiatric disorders, including ASD
(Kumar et al., 2010; Pugliese et al., 2009), psychopathy (Craig et al., 2009), antisocial
personality disorder (Sundram et al., 2012), and social anxiety (Baur et al., 2013; Phan et
al., 2009). The ILF is a long-range association tract, connecting occipital cortex and anterior
temporal lobes along the ventral visual stream (Catani et al., 2003), and has unsurprisingly
been implicated in visual perception organization and object recognition (Catani et al., 2003;
Ortibus et al., 2012; Schmahmann & Pandya, 2006). In the right hemisphere, it is crucially
involved in connecting several regions involved in face processing (e.g., fusiform face area,
occipital face area, superior temporal sulcus, and amygdala), and lesions to the right ILF
have been associated with face processing impairments (Thomas et al., 2009). Alterations

in the ILF have previously been associated with visuospatial differences in ASD (Boets
etal., 2018), and its atypical lateralization in the cases presented here, given their noted
visuospatial and social difficulties, is intriguing.

Similarly, alterations in the SLF, particularly elevated FA, have been described in the context
of visuospatial differences in Williams syndrome (Hoeft et al., 2007), a neurodevelopmental
disorder characterized by visuo-constructive challenges alongside relative sparing, and often
great interest, in social interaction (Jarvinen et al., 2013; Martens et al., 2008). Several
factors may drive increases in FA, including increased myelination, but also decreased
axonal diameter, packing density, and branching (Beaulieu, 2002). The temporoparietal
component of the SLF connects the inferior parietal lobe with the superior temporal gyrus
at the temporoparietal junction and is thought to contribute to higher cognitive functions and
language comprehension (Catani et al., 2005; Schmahmann et al., 2007; Bernal & Altman,
2010). The SLF-TP has not previously been associated with dyslexia, but it is found to be
abnormal in the logopenic variant of primary progressive aphasia (Galantucci et al., 2011),
which is characterized by word-finding and sentence repetition difficulties and phonological
errors in spontaneous speech and on confrontation naming (Gorno-Tempini et al., 2004;
Henry & Gorno-Tempini, 2010). Future work will need to investigate how the cognitive

and language profiles of non-phonological dyslexia relate to alterations in this white matter
pathway.

Caution is of course warranted in the interpretation of white matter differences at the
single subject level. We identified lateralization differences primarily in one tract, the ILF,
but it should be noted more subtle group differences may also be present. Moreover,
while all images were aligned in participants’ native space, and visually checked for
quality assurance, DTI is an indirect method of visualizing white matter anatomy, and

it is always possible that tracts are incorrectly reconstructed. That being said, the results
presented here certainly represent an initial step in understanding the neuroanatomy of
non-phonological dyslexia and suggest that is may not be desirable to include dyslexic
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participants with heterogeneous underlying cognitive profiles alongside one other in group-
based neuroimaging studies. Larger studies are now needed to examine these associations
more thoroughly, including associations with cognition and behavior.

Executive functions are considered integral to competent reading and many models of
reading now incorporate executive functioning components (see Butterfuss & Kendeou,
2017, for a review). For example, cognitive control mechanisms such as shifting guide

the search for semantic meaning (Graesser et al., 1994), and inhibit irrelevant information
(Albrecht & O’Brien, 1993; Kintsch, 1988), while working memory supports the retention
of narrative (Trabasso et al., 1989). Moreover, executive functions including selective

and sustained attention, inhibition, and visuospatial short-term memory are impaired in
young children at risk for dyslexia (Gooch et al., 2014) and predict future reading

ability (Thompson et al., 2015). Brain regions associated with executive functions are also
associated with reading ability. Based on these findings, it has been suggested that executive
functioning impairments may precede reading disability in children with dyslexia (Farah

et al., 2021). The majority of this work has considered relatively “pure” cases of dyslexia
and excluded those with co-occurring challenges; future longitudinal work should therefore
explore the developmental time-course of language and non-language based differences in
children presenting with more complex profiles of strength and weakness, in order to better
understand the relationships between dyslexia and non-reading difficulties, and associated
neuroanatomy.

The children described here share some features with ASD. A diagnosis of ASD requires
both social communication difficulties and restrictive, repetitive patterns of behavior
(American Psychiatric Association, 2013). This is often manifested as sensory differences,
an insistence on sameness, reduced nonverbal communicative behavior such as eye contact,
and a difficulty with sharing affective states. Similarly, all of the children described here
show definite sensory sensitivities, and three show functional communication impairments.
Only the male case in this series shows motor stereotypies (Case 1), and ASD prevalence
estimates do show that repetitive behavior is more common in males than females (Hattier
et al., 2011). The socio-emotional differences these children experience appear to be milder
than those seen in ASD, with normal eye contact, use of gesture, and facial expression, and
perhaps increased social sensitivity rather than too little. Only one case (Case 3) scored in
the at-risk range for a developmental social disorder on the BASC-2, a subscale that was
designed to reflect the DSM-IV-TR (APA, 2000) diagnostic criteria for autistic disorder
and Asperger’s disorder. Other features described here, such as executive functioning
impairments, are not specific to ASD, and are seen across many neurodevelopmental
conditions. For an ASD diagnosis to be given, symptoms, including social communication
differences, must be present in early life, which was not reported in these children. Instead,
early concerns centered on psychomotor delay. Other subtle observations, such as an
enjoyment of imaginative play (Case 3) and an absence of restricted interests, are also
problematic for an ASD diagnosis.

We have seen 37 out of a total of 270 children at the UCSF Dyslexia Center during the
six year period of recruitment for this report that presented with symptoms affecting the
domains described here. This population is, however, heterogenous, and not all show the

Neurocase. Author manuscript; available in PMC 2023 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palser et al.

Page 15

exact same profile of strengths and weaknesses. Indeed, the four cases described here

are not identical. While they demonstrated a number of common features, mathematical
ability, and divided attention and visuomotor tracking as measured with the Colored Trails
test, were variable. Earlier and more accurate identification of these children may help
structure interventions that are better tailored to their overall learning profiles, and not just
the elements that are most readily identified in academic settings. Reading disability had
already been identified in all four children, and inattention in two out of three, but only

one had a diagnosis of an affective disorder. The interventions they were currently receiving
might help to remediate their reading disability, but this may leave visuospatial skills,
sensory modulation, and emotion regulation abilities vulnerable to continued divergence.
Challenges with feeding themselves and holding writing implements were among the first
noted concerns for several. Greater screening, based on these characteristics, may be needed
in children showing early developmental differences. Similarly, research on how these
children change with development, and whether they are at greater risk of affective disorders
compared to typical phonological dyslexia, is needed.

A diagnosis of dyslexia only captures reading disability, and not the visuospatial,
socioemotional, attentional, and sensory differences these children experience. Providing
multiple diagnostic labels, while perhaps capturing the majority of symptoms, does little

to elucidate how these symptoms relate to each other or map how they should be
comprehensively remediated. The mechanisms underlying these diffuse symptoms likely
intertwine and overlap. The more completely we understand these learners, with their widely
disparate abilities and weaknesses, the better we will be able to intervene. The vulnerability
of these children to socioemotional challenges, whether reflecting the heightened burden

of impairment across multiple domains, or a primary feature of the phenotype, suggests
tailored interventions are greatly needed. Increasing awareness of the associate features of
dyslexia will also hopefully improve identification; the observation of a delay in learning to
read should not preclude investigation of other skills.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Radar plot of key percentile scores across cognitive, language, and academic domains in the

four cases of dyslexia.
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The four atypical presentations of dyslexia showed significantly greater structural
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asymmetry in the inferior longitudinal fasciculus (ILF) relative to neurotypical controls.
Groups were matched on age, sex, and handedness. Asterisk denotes significant difference

relative to neurotypical controls at *p<.05.
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® Casel
® Case2
® Case3
® Cased

Neurotypical Atypical Dyslexia Neurotypical Atypical Dyslexia Neurotypical Atypical Dyslexia

Group

The four atypical presentations of dyslexia showed significantly lower fractional anisotropy

(FA) in the left uncinate fasciculus (B), and significantly greater FA bilaterally in the

temporoparietal superior longitudinal fasciculus (SLF-TP) (C & D). Groups were matched
on age, sex, and handedness. Asterisks denote significant differences relative to neurotypical

controls at *p<.05; **p<.001.
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Table 1:

Demographic characteristics, early life history, and neurological signs on examination

Case/ Existing Family History Birth History Early Developmental Neurological Examination
Age/Sex Diagnoses Signs Features
1/9/M Dyslexia Dyslexia, Anxiety Unremarkable Motor delay Bilateral slow fine finger

movements, right > left
dystonic posturing

2/9/F Dyslexia, Dyslexia*, C-section at full-term Psychomotor Hyperflexic in left fingers

Dyscalculia Dyscalculia* differences, number and

letter reversal
3/8/F Dyslexia, Dyslexia*, C-section at full-term Self-care delay Rapid alternating movements
ADHD, Anxiety Depression* slower on right with some
mirroring on left

4/9/F Dyslexia, Dyslexia*, C-section at full-term Motor delay No remarkable findings

Dyspraxia, Personality

ADHD disorder, Psychosis,
OoCD

Notes: Asterisks denote first degree relative (parent or sibling). M = Male; F = Female. OCD = obsessive compulsive disorder, ADHD = attention
deficit hyperactivity disorder.
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Table 2:

Scores on standardized neuropsychological and academic tests. Performance is indicated in terms of percentile
(range = 0-100). Scores are grouped according to impaired — borderline impaired (dark blue), low average —
average (mid blue), and high average — very superior (light blue) ranges.

Domain Casel Case2 Case3 Case4

Nonverbal and verbal reasoning

Matrix reasoning

Receptive vocabulary

Language

Segmentation

Sound blending

Sound awareness

Rapid picture naming

Memory for words

Phonemic fluency

Semantic fluency

Executive functioning

Digit span forwards

Digit span backwards

Spatial span forwards

Spatial span backwards
Reading

Letter-word identification

Pseudo word reading

Single-word phonemic decoding efficacy

Single-word sight word reading efficiency

Paragraph reading rate

Paragraph reading accuracy

Paragraph reading fluency

Paragraph reading comprehension

Visuospatial and visuomotor

Figure copy

Figure recall

Judgement of line rotation

Visuomotor integration

Children’s colored trails 1

Children’s colored trails 2

Calculations
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Parent-reported behavior on questionnaires. Scores are grouped according to average (light green), at-risk (mid
green), and clinically significant (dark green) ranges. Scores reflect standard scoring criteria for the Vanderbilt

and Sensory Profile (a) and percentile (range = 0-100) for the BASC-2 (b).

Casel

Sensory Profile @

Case2

Case3

Case4

Vanderbilt @

Anxiety

Depression P 89 80 76 76
Developmental Social Disorder 70 43 91 58
Social Skills ® 78 57 5 78
Functional Communication 7 14 11 29
Emotional Self-Control ® 36 75 92 92
Negative Emotionality ° 70 70 87 92
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