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The beginnings of my journey in search of understanding the mind...
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Guiding Principles:

Speech, Language, Reading, and the
Brain

= e —

* Speech is a biological specialization but written language is
largely a cultural invention.

e Speech is mastered naturally in almost all people, without direct
instruction.

* But reading is difficult and reading failure occurs in large
numbers of children across all written languages. Explicit
instruction is essential.

* No brain specialization for reading. Reading is, in some sense,
an exercise in neuronal recycling (Dehaene, 2010).




Outline: Language,
= Reading, and the Brain

* Three major questions for this presentation:

* 1) How do typically developing learners build a neurocircuitry for
reading?

cerebellum

ibcortical nuclei
(deep inside the brain)

brain stem

e 2) How (and why) does this neurodevelopmental trajectory differ in
atypically developing learners?

* 3) Do appropriate remediation content / practices modify these
neurodevelopmental differences?



Acquisition techniques
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fMRI: Mapping the functional
organization of the brain

( ) Haskins Global
( ) Literacy Hub
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® Define network nodes (spatial coordinates or regions of interest)

3/11/24 Identify a timeseries associated with each node .
® Estimate the edge strengths, or connections between the nodes
® For example, correlate each timeseries with every other timeseries
¢ If the data (and method for estimating edges) permits the estimation of causality,

the edges may be uni-directional, resulting in an asymmetric network matrix
TRENDS In Cognitive Sciences




Language, Reading, and
the Brain

* Three major questions for this presentation:

* 1) How do typically developing learners build a neurocircuitry for
reading?

cerebellum

ibcortical nuclei
(deep inside the brain)

brain stem

e 2) How (and why) does this neurodevelopmental trajectory differ in
atypically developing learners?

 3) Do appropriate remediation content / practices modify these
neurodevelopmental differences?



Cognitive Neuroscience: Neuroplasticity and the challenge of learning to read

Figure 2. Regions of the reading brain
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The relationship between phonological and auditory processing
and brain organization in beginning readers
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AR TICLE TN 8O ABSTRACT

Article history: We employed brain-behavior analyses to explore the relationship between performance on tasks mea-

Available online xxxx suring phonological awareness, pseudoword decoding, and rapid auditory processing (all predictors of
reading (dis)ability) and brain organization for print and speech in beginning readers. For print-related

Keywords: activation, we observed a shared set of skill-correlated regions, including left hemisphere temporopari-

FMRI etal and occipitotemporal sites, as well as inferior frontal, visual, visual attention, and subcortical com-

Individual differences ponents. For speech-related activation, shared variance among reading skill measures was most

Reading prominently correlated with activation in left hemisphere inferior frontal gyrus and precuneus. Implica-
Phonological awareness : g : I f
Decoding tions for brain-based models of literacy acquisition are discussed.

Rapid auditory processing © 2012 Elsevier Inc. All rights reserved.
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The Learning Circuitry
(Pugh et al., 2013)
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The development of fluent reading depends on print

and speech integration
(Frost...Pugh, 2009; Preston...Pugh 2015)
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Abstract

Becoming a skilled reader requires building a functional neurocircuitry for printed-language processing that integrates
with spoken-language-processing networks. In this longitudinal study, functional MRI (fMRI) was used to examine
convergent activation for printed and spoken language (print-speech coactivation) in selected regions implicated in
printed-language processing (the reading network). We found that print-speech coactivation across the left-hemisphere
reading network in beginning readers predicted reading achievement 2 years later beyond the effects of brain activity
for either modality alone; moreover, coactivation effects accounted for variance in later reading after controlling for
initial reading performance. Within the reading network, effects of coactivation were significant in bilateral inferior
frontal gyrus (IFG) and left inferior parietal cortex and fusiform gyrus. The contribution of left and right I[FG differed,
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We propose and test a theoretical perspective in which a universal
hallmark of successful literacy acquisition is the convergence of
the speech and orthographic processing systems onto a common
network of neural structures, regardless of how spoken words are
represented orthographically in a writing system. During func-
tional MRI, skilled adult readers of four distinct and highly contrasting
languages, Spanish, English, Hebrew, and Chinese, performed an
identical semantic categorization task to spoken and written
words. Results from three complementary analytic approaches
demonstrate limited language variation, with speech-print con-
vergence emerging as a common brain signature of reading pro-
ficiency across the wide spectrum of selected languages, whether
their writing system is alphabetic or logographic, whether it is
opaque or transparent, and regardless of the phonological and
morphological structure it represents.

cross-language invariance | word recognition | functional MRI

reading would not only recruit the neural circuits best suited for
processing its orthographic symbols (which could show some front-
end variation due to visuospatial differences) but would funda-
mentally depend on access to existing neurocircuits implicated in
processing meaningful spoken words (16). By this view, a universal
hallmark of successful literacy acquisition would be the emergence
of a reading network that is strongly constrained by the brain net-
work underlying the processing of spoken words (a network itself
likely to be largely universal across languages), regardless of how
these words are represented orthographically (17, 18).

We examined the extent of convergence of neural networks
involved in spoken and written word recognition in 84 right-
handed, healthy, and skilled adult readers in Spanish, English,
Hebrew, and Chinese (n = 21 per language; see Table S1 for
details on group matching). These languages were selected be-
cause they provide contrasts of transparent vs. opaque orthographies
with alphabetic vs. logographic writing systems, which map into
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Summary: Cross modal integration and reading skill

e Our studies indicate that a critical factor discriminating
skilled from less skilled readers is the degree of
print/speech integration in key LH circuits (IFG/STG/SMG).

e This has clear implications for instruction and remediation

e And given our cross-language brain imaging findings we
strongly hypothesize that this would also be true for early
instruction in non-alphabetic writing systems like Chinese



Language, Reading, and
the Brain

* Three major questions for this presentation:

* 1) How do typically developing learners build a neurocircuitry for
reading?

cerebellum

ibcortical nuclei
(deep inside the brain)

brain stem

e 2) How (and why) does this neurodevelopmental trajectory differ in
atypically developing learners?

 3) Do appropriate remediation content / practices modify these
neurodevelopmental differences?



Reading Disability (Developmental Dyslexia)

* Dyslexia primarily affects the skills
involved in accurate and fluent word m
reading and spelling.

» Characteristic features of dyslexia are / / \\
difficulties in phonological awareness,

verbal memory and verbal processing \\
speed. x\\
onhography

* Dyslexia occurs across the range of “ronoog 'ev
intellectual abilities.

|t is best characterized as a
dimensional, rather than a discrete,
disorder.
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Brain circuits and

reading difficulties

Temporoparietal
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* Frequent finding: A large number of
S e studies indicate that RD readers show
; | anomalous patterns in LH

Anterior |~ temporoparietal and LH ventral

Occipitotemporal (occipitotemporal) regions.

. * RH and frontal “compensatory” shift
Left Hemisphere in RD often reported




Dyslexia: Cultural Diversity and
Biological Unity
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Atypical reading development:
Insights from developmental neuroimaging

Figure 2. Regions of the reading brain
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Atypical readers:
Insights from functional/ structural neuroimaging to date

Functional/structural neuroimaging reveals:

e Atypical brain activation (Pugh et al., 2013; Preston et al., 2015)

e Reduced functional connectivity (Pugh et al., 2000; Siegelman at al.,
2021)

e Problems in learning, and consolidation of new learning
e (Pugh etal., 2008; Malins et al., 2021)

e Reduced grey and white matter volume (Richlan, 2014)
e Abnormal neurochemistry (Pugh et al., 2014; Bruno et al., 2013)
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The same etiological context can result in disparate phenotypes, and a single trait can result from

A deeper dive into
mechanisms...

* Itis critical that we move beyond mere
identification of structural and functional
biomarkers

toward brain-based causal models focused
on how and why these structural and
functional differences impede the
development of LH specialization for print.




Reading disability: glutamate & choline links (Pugh et al., )

Neuroscience 2014)
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Value-added by neuroimaging thus far...

e Limited causal models to date (work ongoing)

e But

e the current state of the literature on
neurophenotypes in reading disability does provide
clear neurobiological targets for intervention....



Language, Reading, and
the Brain

* Three major questions for this presentation:

* 1) How do typically developing learners build a neurocircuitry for
reading?

cerebellum

ibcortical nuclei
(deep inside the brain)

brain stem

e 2) How (and why) does this neurodevelopmental trajectory differ in
atypically developing learners?

* 3) Do appropriate remediation content / practices modify these
neurodevelopmental differences?



Treatment Studies: Strengthening
print/speech connections

In class treatment:
Empower program

Strategies reflect the use of H’ Sounding Out Strategy
\

different grain-sizes in word reading (

, » cat
Sounding out: Individual letter-

sounds ’ Rhyming Strategy

Rhyming: Body-rime units rhyming

Peeling off: Use of morphological Peeling Off Strategy |
units

Vowel alert: Meta-cognitive flexing
of ambiguous pronunciations




A consistent story on treatment
effects is emerging...

e A growing number of treatment studies
have shown modulation of LH reading
circuits with effective treatment (see
Richlan 2021 for review)

* However, we must better understand
why some children do not respond to
conventional treatment and what to do
for this kids!

Treatment
can modify
trajectory
(Shaywitz Pugh et
al. BP 2004)



Individual differences in intervention gains

(1)) Mo
A large body of evidence regarding the types of interventions that are effective at
remediating reading disabilities (RD) on average.

A significant proportion of children with RD fail to respond even to the best available
interventions.
1~30% low responders (Torgesen, 2000)

The challenge: Limited predictive value
(see meta-analysis: Stuebing et al., 2015)

Can the sensitivity of cognitive neuroscience methodologies to individual differences
improve this situation?



(1)) Mo
Neurocognitive bases of treatment
resistance in developmental dyslexia
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NIH R37 MERIT Award (Pugh): In a collaboration with
Devin Kearns we conducted a a treatment study, and we
used frequent multimodal brain imaging sessions during
treatment to gain insight into HOW treatment works.
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Neuroimaging - fMRI and fNIRS

* fMRI: Functional Magnetic Resonance Imaging

* fNIRS: Functional Near-Infrared Spectroscopy
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The neurobiological bases of treatment effects

Pre

Intervention

POSt p < .005 voxelwise (uncorrected)
|nterventi0n Figure 3. Predictors of response to

intervention 1in pre-treatment neural
activation.
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fNIRS: brain/behavior relations for gains in word reading fluency and
accuracy

Brain-behavior relationship for improvements in reading fluency and word reading accuracy.
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(1)) Mo
Cognitive predictors: Can the way in which a child

reads predict their response to intervention?
(Siegelman et al., 2020; 2021)




The functional organization of reading system

Orthography (O)

The Triangle Model of Reading ((C1))) Mme siowa!
(Seidenberg & McClelland, 1989; Harm &  O-P regularities: Imageability
Seidenberg, 2004) _ .

bin bin
Operationally: Manipulating word mint fejpe

properties in a reading task to tap into pint hope

the reading system’s components.

Group-level findings:

(1 Readers are impacted by both
types of information.

Phonology (P) Semantics (S)

J Adults show an efficient division of

labor between O-P and O-S (Strain et
al., 1995)




Individual differences in reliance on O-P and O-S associations

N=399 2nd-5th graders, a word reading aloud task with 160 trials (modeled after Strain et al., 1995).

ltems vary along the two critical dimensions: ((( ))) iteracy b
% O-P regularities (e.g., bin ----- child):

Surprisal of the vowel grapheme-phoneme (Siegelman, Kearns, & Rueckl, 2020)

e.g., bin, -log(p(i =2 \1\)) < child, -log(p(i = \a1\))
s Imageability (e.g., dog ----- verb):

Standard ratings (Paivio et al. 1968)

For each child, we examine to what extent they rely on each source of information:
Slope scores quantifying the relation between a child’s accuracy in each trial and item properties.

If a child reads correctly words with increasingly more regular O-P associations
— evidence for reliance on O-P regularities

If a child reads correctly words that are increasingly more imageable
— evidence for reliance on O-S processes.

Siegelman et al., 2020, Journal of Memory & Language



Individual differences in reliance on O-P and O-S associations

((())) Mol gton
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Siegelman et al., 2020, Journal of Memory & Language



Individual differences in reliance on O-P and O-S associations
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Siegelman et al., 2020, Journal of Memory & Language

( Haskins Global
( )) Literacy Hub

Substantial variability in reliance on O-P
and imageability.

Letter word ID These two factors are strong predictors of

(concurrent) reading skill (R?=32-45%):

J Higher reliance on O-P - better
reading skill

] Less reliance on imageability - better
reading skill



Reading Treatment study (Siegelman et al., 2021): Predicting
intervention gains

( Haskins Global
( )) Literacy Hub

Can a child’s pre-intervention reliance on consistency (O-P) or imageability (O-
S) predict intervention gains?

The sample: N=118 RD children (379-4th grade) who go through a phonologically-
weighted intervention program (PHAST program, Lovett et al., 2000).



Key findings
(Siegelman et al., 2021)

semantics

e At pre-test, individual-differences in reliance on O-P consistency and
O-S imageability are strongly predictive of reading skills.

T~

* Both are very strong predictors of treatment outcomes but in ((ormosrsony ) NGED

- — "/

opposite direction: ~— “

* More pre-intervention sensitivity to consistency (greater reliance on
O-P) and less pre-intervention sensitivity to imageability (less initial
reliance on O-S) predict better response to treatment across reading
sub-tests.

L ——

* This has rather profound implications for how we should teach
reading and/or remediate reading difficulties!



Results: Controlling for "typical’ predictors of gains

Pre-intervention scores in: vocabulary, phonological awareness, auditory attention, 1Q,
and RAN.

Limited unique R? associated with ‘typical’ predictors
In measures of word and pseudoword gains: All AR?: 1.4-6.6%.

Reliance on O-P and imageability still predict gains:

Significant predictors remain significant; Non-significant remain non-significant.
Added predictive value: AR?: 7.8-21.3%.

Siegelman et al., 2021, Journal of Educational Psychology



fMRI: Print-speech convergence and
how individuals read (i)

Measures of reliance on consistency and imageability associated with print speech
overlap in STG, IFG, IPC and FG (both left and right) in ~90 struggling readers (9

years old)

Correlations when controlled for total print & speech activation + Age

Left ROIs -.22
Right ROls 12 -.04 .05




Next steps: Questions being addressed in the Year 6-10 continuation of the
NIH R37 MERIT grant project

* What causes these individual differences in
relative reliance on O-P or O-S in reading?

* Can we move at-risk kids stuck in this
suboptimal “state-space” to a more efficient code
emphasis?

semantics

* Should we use more intense programs of the
same type or ones with a greater emphasis on

additional reading and language components? /
/ .
* Do we need additional focus on EF problems, ‘Q«
anxiety mltl_ganon, and the like in low @ '
responders:

e Can we tailor the content to the brain (brain-
guided learning) using BCl and neurofeedback?



Years 6-10 extension studies

for R37:

Integrated fNIRS/EEG during learning
experiments that vary code emphasis

in order to examine the
neurocognitive bases of individual

differences in optimal code learning
and to move toward brain-informed

content

~—~—

semantics

A

PR

N phonology

(a) DeoxyHb (b) OxyHb (c) Theta(4-8 Hz)

-~ p<0.005

p<0.05

Figure 1. Comparison of fNIRS (A and B) and EEG
responses (C, D, and E) for contrast face > object. These
are responses to conventional static stimuli. Hemodynamic
responses are shown in ventral occipital face area
(indicated by black circle) for deOxyHb and OxyHb signals
(A, B). Co-localization of EEG responses during face vs
object task for theta power spectra (C). ERP comparison of
n170 responses for face versus object responses (E).
Source localized n170 response (D). (Dravida et al 2019).



fNIRS- Koirala et EEG—Koirala et al.,
al., In prep 2023

Sources and Connectivity patterns
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Connectivity mediating the effect of hearing intervention for Language and Reading

- All 6 subtests
- WRDC, VOC, MORPH, SEN
— WRDC, SEN
- WRDC

Figure 6: Coherent sources and the
connectivity between those sources for
the two CI groups.

Low Language

Reading (RISE)

Figure 10: Significant connections mediating the effect of intervention factor (age of initial hearing intervention)
to the language and reading outcome for CI children. Direction of the arrow indicates the direction of causality.

Lanéu_age (CELF)

High Language
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* New Directions for this project
in Years 7-10:

* Brain Computer Interface (BCl)

* and

* Neurofeedback training
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*++x A brief final word
about anxiety and learning
difficulties and the
potential of mindfulness
programs to address this
problem®****

Buddhist monk Matthieu Ricard in preparation for
conducting an electroencephalography (EEG) test at
the EEG facilitv in the Waisman Center at the

HPT axis
Hypotrialamus

Pituitary gland
¥

HPA axis TSH
¥ Y N\
Hypotralamus T3 T4
CRH
¥
Pituitary gland

¥ Cortisol Adrenal
ACTH M glands
‘Trends In Endocrinology &Metabolism
Figure 1. The Role of the Endocrine System in Mediating Stress. Abbreviations: ACTH, Adrenocorticotropin
hormone; CRH, corticotropin-releasing hormone; HPA, ituitary-adrenal; HPT, hypott pituit

pi
thyroid; T3, triiodothyronine; T4, thyroxine; TSH, thyroid-stimulating hormone.

Trends in Endocrinology & Metabolism, July 2020, Vol. 31, No.7 41




Clinical Research and Biomedical
Implications
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Thanks for your attention!

Kenneth R. Pugh, PhD
kenneth.pugh@yale.edu
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