Two types of phonological reading impairment
in stroke aphasia
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Alexia is common in the context of aphasia. It is widely agreed that damage to phonological and semantic systems not specific to
reading causes co-morbid alexia and aphasia. Studies of alexia to date have only examined phonology and semantics as singular
processes or axes of impairment, typically in the context of stereotyped alexia syndromes. However, phonology, in particular, is
known to rely on subprocesses, including sensory-phonological processing, motor-phonological processing, and sensory-motor inte-
gration. Moreover, many people with stroke aphasia demonstrate mild or mixed patterns of reading impairment that do not fit
neatly with one syndrome. This cross-sectional study tested whether the hallmark symptom of phonological reading impairment,
the lexicality effect, emerges from damage to a specific subprocess of phonology in stroke patients not selected for alexia syn-
dromes. Participants were 30 subjects with left-hemispheric stroke and 37 age- and education-matched controls. A logistic mixed-
effects model tested whether post-stroke impairments in sensory phonology, motor phonology, or sensory-motor integration modu-
lated the effect of item lexicality on patient accuracy in reading aloud. Support vector regression voxel-based lesion-symptom map-
ping localized brain regions necessary for reading and non-orthographic phonological processing. Additionally, a novel support
vector regression structural connectome-symptom mapping method identified the contribution of both lesioned and spared but dis-
connected, brain regions to reading accuracy and non-orthographic phonological processing. Specifically, we derived whole-brain
structural connectomes using constrained spherical deconvolution-based probabilistic tractography and identified lesioned connec-
tions based on comparisons between patients and controls. Logistic mixed-effects regression revealed that only greater motor-
phonological impairment related to lower accuracy reading aloud pseudowords versus words. Impaired sensory-motor integration
was related to lower overall accuracy in reading aloud. No relationship was identified between sensory-phonological impairment
and reading accuracy. Voxel-based and structural connectome lesion-symptom mapping revealed that lesioned and disconnected
left ventral precentral gyrus related to both greater motor-phonological impairment and lower sublexical reading accuracy. In con-
trast, lesioned and disconnected left temporoparietal cortex is related to both impaired sensory-motor integration and reduced
overall reading accuracy. These results clarify that at least two dissociable phonological processes contribute to the pattern of read-
ing impairment in aphasia. First, impaired sensory-motor integration, caused by lesions disrupting the left temporoparietal cortex
and its structural connections, non-selectively reduces accuracy in reading aloud. Second, impaired motor-phonological processing,
caused at least partially by lesions disrupting left ventral premotor cortex and structural connections, selectively reduces sublexical
reading accuracy. These results motivate a revised cognitive model of reading aloud that incorporates a sensory-motor phonologic-
al circuit.
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Introduction

Most people with stroke aphasia have a co-occurring
reading impairment, known as alexia."* Accurate reading
aloud of known and novel words requires the cooper-
ation of at least two cognitive processes (Fig. 1A).”® The
first is a lexical process that enables the computation of
known pronunciations and meanings from print. The se-
cond is a sublexical process that enables the phonological
decoding of print. Knowledge of the most frequent or
probable spelling-to-sound mappings underlies sublexical
reading.>”>'° Sublexical reading thus enables the reading
of novel words. Acquired impairments of the lexical and
sublexical reading processes result in dissociable deficits
observed in alexia syndromes.''™® In stroke aphasia, the
most common co-morbid alexia is an acquired impair-
ment of the sublexical reading process." The hallmark
symptom in patients with a sublexical reading deficit is a
lexicality effect in which the ability to read pronounce-
able non-words aloud (e.g. pseudowords such as ‘mub’)

is selectively impaired relative to reading real words
aloud (e.g. ‘tub’). ‘Phonological alexia’ refers to a symp-
tom complex related to sublexical reading impairment,
which includes this lexicality effect.!”

The aetiology of sublexical reading impairment in
aphasia is not fully understood. Phonological alexia was
originally described as alexia without comparable apha-
sia'” and has been argued to result from a reading-specif-
ic impairment, at least in some patients.9’18720 However, a
co-morbid phonological deficit that is not specific to
reading is evident in most documented cases of phono-
logical alexia (e.g. impaired speech repetition).”'* The
common association between phonological alexia and a
general phonological impairment motivated researchers to
propose the primary systems hypothesis of alexia,>*°
which asserts that phonological alexia is just one mani-
festation of a general phonological impairment. Reading
is a cultural acquisition that is learned through extensive
instruction and practice.”” Reading aloud is thus thought
to depend on more evolutionarily old, or ‘primary’,
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Figure | Cognitive models of reading aloud and speech processing. (A) Schematic of a two-route cognitive model of reading aloud.
Pseudowords (mub) depend on phonological decoding (yellow) for accurate reading aloud. Both phonological decoding and lexical-semantic
processing (blue) contribute to reading known words (tub). The relative proportions of yellow and blue in the text boxes visualize the relative
contributions of phonological decoding and lexical-semantic processing to reading a pseudoword or a word aloud. This cognitive model is
agnostic to the specific computational implementation (e.g. distributed versus symbolic) but is most analogous to the connectionist triangle
model of reading.>* (B) Schematic of a cognitive model of speech processing. Speech comprehension is enabled by the route from sensory-
phonological processing (yellow) to the lexical-semantic system (blue). Speech production is enabled by the routes from the lexical-semantic
system to sensory-phonological processing and motor-phonological processing (red). Speech repetition is enabled by the sensory-motor
integration circuit (yellow and red). This schematic is an adaptation of the semantic-lexical-auditory-motor (SLAM) model of speech production,®
which is a computational implementation of Hierarchical State Feedback Control theory.® Within the SLAM model, the dominant processing
route for speech production proceeds from lexical-semantics to sensory phonology to motor phonology, which reflects the hypothesized central
role of sensory-phonological targets in speech production. (C) Schematic of a preliminary integrated model of reading and speech processing
that combines the architectures of model A and model B. The present study tests whether sublexical reading is particularly dependent on intact
motor-phonological processing, which would support a cognitive model of reading aloud that incorporates a sensory-motor phonological circuit

(model C).

neurocognitive systems, such as phonology, rather than
reading-specific neurocognitive systems. In keeping with
long-standing linguistic tradition, contemporary cognitive
and computational models of reading and phonological
alexia treat phonology as an abstract, unitary system of
form representations.®”>'%!%2 Within the primary sys-
tems account, damage to this phonological system results
in symptoms that vary according to task difficulty and
according to the severity of phonological impairment.*’
We refer to the current primary systems notion that sub-
lexical reading depends on a functionally unitary phono-
logical system as the ‘undifferentiated phonological
reading hypothesis’. Consistent with this hypothesis, pseu-
doword reading impairment has been associated with
lesions throughout left perisylvian regions that are
thought to constitute a distributed phonological net-
work, 14:16,22,30-32

Despite the dominant proposition that reading relies at
least partially on more general language components such
as phonology, models of reading have largely been devel-
oped separately from models of speech processing
(Fig. 1B). Unlike computational models of reading, con-
temporary computational and neural models of speech
processing differentiate sensory-phonological processing

and motor-phonological processing, with a sensory-motor
integration process linking the two.%?373* Sensory-phono-
logical processing relies on auditory forms of speech
sounds and words, which are represented in the superior
temporal gyrus and sulcus.’®?” These auditory forms en-
able speech perception and comprehension, in addition to
providing auditory targets for speech production.’®
Impaired sensory-phonological processing thus impairs
auditory comprehension®*~*> and may contribute to post-
stroke anomia.*>** Motor-phonological processing relies
mainly on the left ventral precentral gyrus and inferior
frontal gyrus, which are thought to represent motor plans
for phonemes and syllables.®***¢ Anterior insula has also
been implicated in impaired motor-phonological process-
ing*”** (but see Basilakos et al.*’). Impaired motor-
phonological processing underlies apraxia of speech,’®’!
which is characterized by impaired articulatory planning
(i.e. ambiguous or distorted phonemes, slow speech rate,
pauses and prolongations and abnormal prosody’?).
Sensory-motor integration, a process associated with left
posterior planum temporale and supramarginal gyrus,®>>*
refers to the translation from auditory representations to
motor representations. Impaired sensory-motor integration
is thought to be especially detrimental to speech
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repetition ability.*»** Different patterns of speech and
language deficits thus result from impairment of these
three phonological subprocesses. In this way, models of
speech processing conceptualize phonology as relying on
both sensory and motor phonological codes, whereas the
current primary systems account of phonological alexia
relies on the traditional linguistic notion of phonology as
a unitary system.

It has been speculated that subtypes of phonological
impairment may underlie phonological alexia.?®*’
However, it remains unknown whether sublexical reading
relies disproportionately on specific phonological subpro-
cesses and, by extension, the brain regions subserving
these subprocesses. Our previous voxel-based lesion-symp-
tom mapping (VLSM) study found that strokes involving
left ventral precentral gyrus (IVPCG) selectively impaired
pseudoword reading relative to word reading,’* suggest-
ing that intact motor-phonological processing may be
particularly important for sublexical reading. Other lesion
studies have also found associations between frontal
lesions and impaired pseudoword reading.'®?>2%30:31 e
refer to the possibility of at least partially dissociable
contributions of primary phonological subsystems to
reading aloud as the ‘differentiated phonological reading
hypothesis’. A necessary step towards developing an inte-
grated model of reading and language (e.g. Fig. 1C) is
testing whether incorporating the architectural details of
models of speech processing into a model of reading
aloud adds explanatory value in accounting for sublexical
reading impairment.

This study utilizes behavioural and neuroanatomical
evidence to determine the explanatory value of integrating
the architectural details of contemporary neurocognitive
models of speech processing into a model of reading
aloud. We tested competing predictions of the undifferen-
tiated and differentiated phonological reading hypotheses.
First, we tested whether post-stroke impairments of sen-
sory-phonological processing, motor-phonological process-
ing, and sensory-motor integration differentially relate to
sublexical reading impairment. The undifferentiated
phonological reading hypothesis predicts no preferential
associations between the three phonological subprocesses
and sublexical reading accuracy. In contrast, our differen-
tiated phonological reading hypothesis predicts that only
a motor-phonological processing deficit selectively impairs
sublexical reading accuracy, as evidenced by a greater
post-stroke lexicality effect. Second, we applied both
VLSM and a novel structural connectome lesion-symptom
mapping (CLSM) approach to identify the anatomical
networks subserving sublexical reading and phonological
subprocesses. Despite the widely-held notion that phono-
logical processing relies on a distributed left-perisylvian
network, no prior study has examined the role of struc-
tural connectivity in acquired phonological reading im-
pairment. By quantifying patterns of brain damage using
VLSM and patterns of structural disconnection between
processors using CLSM, we aimed to reveal how
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network-level disruptions lead to co-morbid deficits in
phonological subprocesses and reading. The differentiated
phonological reading hypothesis predicts that lesioned or
disconnected IvPCG underlies selective impairments in
both motor-phonological processing and sublexical read-
ing. Our findings support this hypothesis, clarifying the
neurocognitive bases of phonological reading impairments
in aphasia, and motivating a cognitive model of reading
aloud that incorporates a sensory-motor phonological
circuit.

Materials and methods

Participants were 30 adults with left-hemisphere stroke
and 37 age- and education-matched controls (Table 1;
see Supplementary material for additional recruitment in-
formation). The Georgetown University Institutional
Review Board approved the study protocol, and all par-
ticipants gave written informed consent in accordance
with the Declaration of Helsinki.

Participants completed an oral reading assessment that
quantified sublexical reading impairment. Specifically,
participants read aloud a list of 20 pseudowords followed
by a list of 20 words that differed by 1 initial consonant
(e.g. ‘tub’ versus ‘mub’). In order to minimize articulatory
complexity as a potential confound, all stimuli were
monosyllabic, 3-4 letters long, and did not contain con-
sonant cluster onsets. The real words had highly consist-
ent (predictable) pronunciations (see Supplementary
Tables 1 and 2 for stimuli). The first reading attempt of
each trial was scored for accuracy. Responses on pseudo-
words were coded as incorrect if they contained spelling-
to-sound mappings that do not occur in American
English (see Supplementary material for task administra-
tion details). Errors reading the words and pseudowords
were coded as a (i) orthographically related word error
(orthographic error; ‘mub’ > ‘mud’), (ii) orthographically
unrelated word error (e.g. ‘mub’ > ‘cat’), (iii) non-word
neologisms (e.g. ‘mub’ > ‘muz’) and (iv) omissions.
A real word error was classified as orthographically
related to the target if it shared at least 1 letter (for 3—4
letter targets) or 2 letters (for 5+ letter targets) with the
target.

The stroke cohort completed a Dbattery of non-
orthographic  phonological assessments. Phonological
subprocesses assessed included sensory phonology, sen-
sory-motor integration and motor phonology (Fig. 1). A
sensory phonology score was computed as the average of
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Table | Stroke and control group demographics and stroke group clinical data.

Cohort Age Education Race Sex Chronicity Lesion size WAB AQ
Stroke 62.90 (9.84) 17.03 (2.74) 9 African American I2F I8M 45 (58) 77 288 (71 444) 81.73 (17.05)
n=30 2| Caucasian

Control 59.42 (12.46) 16.59 (2.50) I'l African American I9F 18 M

n=37 26 Caucasian

Values are shown as mean (standard deviation). Age and education are in years. Stroke chronicity is in months. Lesion size is in mm>. WAB AQ represents the Aphasia Quotient
from the ‘Western Aphasia Battery—Revised’,'®” which measures aphasia severity: 0-25 = very severe, 26-50 = severe, 5|-75 = moderate, 76-+ = mild.

accuracies on syllable counting and rhyme judgment
tasks of words presented auditorily via headphones.”® For
syllable counting, the participant heard 30 pre-recorded
words presented simultaneously with a picture of the tar-
get and was instructed to select the number of syllables
contained within the word (1, 2 or 3). For rhyme judg-
ment, the participant heard 40 pairs of pre-recorded
monosyllabic words and was asked to indicate whether
the words rhymed (yes/no). One stroke subject did not
complete the syllable counting task, so their sensory
phonology score incorporated only the accuracy on the
rhyme judgment task. A sensory-motor integration score
was measured as accuracy on pseudoword repetition.’’
Sixty pre-recorded pseudowords (1-3 syllables long) were
presented once via headphones, and the subject was
instructed to repeat aloud what they heard. Accuracy on
the first attempt was scored. A motor phonology score
was computed based on a motor speech evaluation con-
ducted by speech-language pathologists (S.F.S. and
C.M.V.) with additional reference to videos of spontan-
eous speech, repetition, and naming. Specifically, motor
phonology was calculated as the total score (0-52 points)
on the Apraxia of Speech Rating Scale-3 (ASRS-3),°°
which measures the presence, prominence and severity of
phonetic, prosodic and other features associated with
apraxia of speech. The ASRS-3 Total Score was multi-
plied by —1 so that a lower score indicates greater
motor-phonological impairment. A patient’s overall apha-
sia severity was assessed through the Western Aphasia
Battery—Revised.>”

Brain images were acquired via Georgetown’s 3T Siemens
MAGNETOM Prisma scanner, including a T1-weighted
magnetization prepared rapid gradient echo (MPRAGE)
sequence (1 mm® voxels), a fluid-attenuated inversion
recovery (FLAIR) sequence (1 mm® voxels), and a high
angular resolution diffusion imaging (HARDI) sequence
(81 directions at b=3000, 40 at b=1200, 7 at b=0;
2 mm?® voxels). See Supplementary material for imaging
acquisition and preprocessing details.

Native space stroke lesions were manually traced on the

MPRAGE by author P.E.T. using ITK-SNAP (http://

www.itksnap.org/)*® with reference to the FLAIR image.

Native space MPRAGEs and lesion masks were warped
to the Clinical Toolbox Older Adult Template’® via a
custom pipeline (see Dickens et al.’* for details).

Structural connectomes were constructed from the prepro-
cessed HARDI data through MRtrix 3.0.°° Voxelwise
fibre orientation distributions were computed using multi-
shell, multi-tissue constrained spherical deconvolution.®!
Structural connectivity was quantified through 15 million
streamlines generated by probabilistic anatomically con-
strained tractography®” on the white matter fibre orienta-
tion distributions in native space (algorithm = iFOD?2,
step = 1, min/max length = 10/300, angle = 45, back-
tracking allowed, dynamic seeding, streamlines cropped
at grey matter-white matter interface). Edges of the struc-
tural connectome were generated by assigning streamlines
to parcels of the Lausanne atlas at scale 125 (https:/
github.com/mattcieslak/easy_lausanne).®® Finally, connec-
tome edge values were binarized such that a connection
between brain areas were quantified as either present (1)
or absent (0). See Supplementary Material for additional
details on  brain  parcellation and  connectome
construction.

Behavioural association between phonological impair-
ments and sublexical reading impairment was determined
through a logistic mixed-effects model using the ‘lme4’
function ‘glmer’®* in R.®® The model tested whether sub-
ject impairments in sensory phonology, sensory-motor in-
tegration and motor phonology modulated the effect of
item lexicality on patient accuracy reading aloud. The
maximal random effects structure, justified by the experi-
mental design and the data, was first identified via back-
ward elimination.®®® Fitting of fixed effects was then
performed through multiple regression with backward
elimination in order to test all possible two-way interac-
tions between item lexicality and subject phonological
abilities (sensory phonology score, sensory-motor integra-
tion score and motor phonology score). The initial, max-
imal fixed effects structure specified all possible two-way
interactions between item lexicality and subject phono-
logical abilities. Stepwise removal of higher-order random
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effects and non-significant fixed effects was assessed
through likelihood ratio tests (P > 0.05). Covariates (le-
sion volume, stroke chronicity, age and education) were
tested for inclusion after all non-significant higher-order
fixed effects were removed. To permit interpretation of
fixed effects against the grand mean, continuous covari-
ates were Z-scored, and item lexicality was deviation-con-
trast coded (—1/2 = ‘pseudoword’ and +1/2 = ‘word’).
Results are reported as odds ratios (ORs) and associated
95% confidence intervals (Cls), with statistical signifi-
cance of fixed effects determined through the Wald Z-
statistic and associated P-value (« = 0.05, two-tailed).
Variance inflation factors were examined to identify any
problematic multicollinearity, as indicated by a variance
inflation factor >10.°” Overall, the final multiple regres-
sion model identified independent relations between the
three phonological scores and reading accuracy.

To identify the brain regions subserving reading and
phonological  subprocesses, we conducted support-
vector regression VLSM (SVR-VLSM).”® The SVR-VLSM
analyses were run using a MATLAB toolbox developed
by our group (https:/github.com/atdemarco/svrlsmgui/).”*
Analyses were limited to voxels lesioned in at least five
patients. Covariates (lesion volume, age and education)
were regressed out of both the lesion and behavioural
data prior to modelling.”" Significance was determined
using a permutation-based approach in which behavioural
scores were randomly reassigned to participants. SVR f-
maps were generated for each of 10 000 permutations
and catalogued on a voxel-wise basis [P < 0.005, one-
tailed (negative)].”> Multiple comparisons correction was
achieved via a cluster size threshold [family-wise error
rate (FWER) P < 0.05]. We conducted five SVR-VLSM
analyses. First, we aimed to identify brain regions that
are generally important for reading through SVR-VLSM
of overall accuracy on the matched words and pseudo-
words. Next, SVR-VLSM was conducted with pseudo-
word reading accuracy as the dependent variable and
matched word reading accuracy as a covariate. Including
matched real-word reading accuracy as covariate controls
for the contributions of shared processes that are not se-
lectively important for pseudoword reading (e.g. vision,
articulation). This approach thus isolates the neural sub-
strates that selectively enable sublexical reading. The final
three models identified brain regions important for each
of three phonological subprocesses: the sensory phon-
ology score, the sensory-motor integration score and the
motor phonology score.

Our SVR-CLSM approach is an extension of SVR-
VLSM. SVR-CLSM quantifies lesion through anatomical
disconnection and thus identifies parcel-based neuroana-
tomical networks, as opposed to voxel-based clusters.
The SVR-CLSM analyses complement the SVR-VLSM
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analyses by identifying the necessary contributions of
both lesioned and spared, but disconnected, brain regions
to reading and phonology. Our approach differs from a
prior implementation of CLSM*>7® in that we define
lesioned connections on a normative basis by comparing
stroke and control connectomes rather than relying on
differences in streamline counts between stroke connec-
tomes. Additionally, we do not limit analyses to connec-
tions between a sub-set of left-hemispheric regions-of-
interest. Specifically, a connection between brain parcels
(i.e. an edge) was considered as lesioned if it was present
in 100% of control subjects’ connectomes, but absent in
a stroke subject’s connectome. Lesion tracings were not
used to exclude connections because individual parcels
are frequently only partially lesioned by a stroke and be-
cause it is impossible to know whether a tract passing
near or through areas of the lesion is functional.
Connections not present in 100% of control subjects
were excluded from analyses in order to reduce Type I
error. The reliability of disconnection-behaviour associa-
tions was increased by limiting analyses to left-hemi-
sphere and inter-hemispheric connections lesioned in at
least 10% of stroke subjects, and by regressing lesion
volume, age and education out of both the connectome
edge values and behavioural data.”' Statistical significance
of the SVR-CLSM f-maps was determined via a permuta-
tion-based FWER correction [10 000 permutations,
FWER P < 0.05, one-tailed (negative)]’*
uated at both the edge-level (disconnection between pairs
of brain parcels) and parcel-level (disconnection of a sin-
gle brain parcel, including all anatomical endpoints). Five
SVR-CLSM analyses were conducted with the same com-
bination of dependent variables and covariates as in the
SVR-VLSM analyses.

and was eval-

Data will be made available upon request.

Results

Stroke subjects varied in how item lexicality related to
reading accuracy and in the degree of impairment on the
phonological tasks (Table 2; Fig. 2B; see Supplementary
Table 3 for correlations between the language and read-
ing scores). If motor phonology is especially critical for
sublexical reading accuracy, then greater motor-phono-
logical impairment should selectively relate to a greater
lexicality effect in reading accuracy. Consistent with this
hypothesis, a logistic mixed-effects regression revealed
that only the motor phonology score modulated the mag-
nitude of the lexicality effect in reading aloud (Fig. 2C;
see Supplementary Table 4 for full model estimates).
Specifically, a lower motor phonology score selectively
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Table 2 Summary of participant accuracy (%) and error proportions on reading tasks (top) and performance on lan-

guage tasks (bottom).

Group Pseudowords Words

Control
Range 30-100 90-100
Mean (SD) 93.65 (13.52) 99.46 (1.97)
Orthographic error 0.43 (0.42) 0.67 (0.52)
Non-word error 0.57 (0.42) 0.33 (0.52)
Omission error 0 (0) 0 (0)
Unrelated word error 0 (0) 0 (0)

Stroke
Range 0-100 20-100
Mean (SD) 51.00 (32.97) 87.17 (19.06)
Mean Z (SD) —3.15 (2.44) —6.25 (9.69)
Orthographic error 0.42 (0.21) 0.72 (0.37)
Non-word error 0.53 (0.25) 0.19 (0.31)
Omission error 0.01 (0.06) 0.07 (0.16)
Unrelated word error 0.03 (0.06) 0.02 (0.07)

Stroke Motor Phonology Score Sensory-Motor Integration Score Sensory Phonology Score

Range —26t0 0 0-100 65.00-98.75
Mean (SD) —7.30 (8.85) 64.00 (24.00) 88.00 (11.00)

Z-scores are relative to control performance on the reading assessment. Motor phonology score = the Total Score on the Apraxia of Speech Rating Scale 3. Sensory-motor integra-
tion score = accuracy on pseudoword repetition. Sensory phonology score = the average of accuracies on auditory syllable counting and auditory rhyme judgment. The motor-
phonology score was multiplied by —1 so that a lower score indicates greater impairment. All scores except for motor phonology are expressed as accuracy (%). Error frequencies
were calculated as a proportion out of total errors for each subject, and are summarized in the table as a by-subject mean and standard deviation (excluding subjects who performed
at ceiling). Four incorrect patient responses on the reading task were unable to be fully transcribed and categorized due to lack of speech intelligibility.

related to lower pseudoword reading accuracy [lexicality
x motor phonology interaction: Z = —1.965, P = 0.049,
OR = 0.51, 95% CI = 0.264-0.998]. The interactions of
lexicality and the sensory phonology score and of lexical-
ity and the sensory-motor integration score were not sig-
nificant and were consequently eliminated from the
model (P > 0.10). A lower sensory-motor integration
score related to lower overall accuracy on the matched
words and pseudowords (Fig. 2D; sensory-motor integra-
tion main effect: Z=3.509, P < 0.001, OR = 2.25,
95% CI = 1.43 to 3.55). The sensory phonology score
was not a significant predictor of reading accuracy and
was therefore eliminated from the model (P > 0.10).
Lesion volume was the only significant covariate (P <
0.001). Variance inflation factors for the final fitted
model were all < 1.5, indicating no problematic
multicollinearity.®”

Correlational analyses of z-scored error type frequencies
were conducted to clarify how impairments in motor
phonology and sensory-motor integration drive inaccurate
reading aloud. Only orthographic and non-word errors
were frequent enough for analysis (Table 2). Consistent
with the interaction identified by the mixed-effects model,
greater motor phonological impairment correlated with a
higher incidence of orthographically related word errors
on pseudowords [7(28) = —0.49, P = 0.006], but not on
words (P = 0.106). Motor phonological impairment did
not correlate with the incidence of non-word errors on ei-
ther pseudowords (P = 0.965) or words (P = 0.337).
Consistent with the main effect identified by the mixed-

effects model, greater sensory-motor  integration

impairment correlated with a higher incidence of ortho-
graphically related word errors on both pseudowords
[#(28) = —0.62, P < 0.001] and words [r(28) = —0.61,
P < 0.001]. Additionally, greater sensory-motor integra-
tion impairment correlated with more non-word errors
on words [r(28) = —0.42, P = 0.020], but not on pseu-
dowords (P = 0.269).

Voxel-wise overlap of the patients’ lesions demonstrates
predominantly perisylvian lesion coverage typical of left
middle cerebral artery strokes (Fig. 3A). The structural
connectome lesion overlap map reveals the expected loss
of interhemispheric connections in addition to the loss of
connections within the left hemisphere (Fig. 3B).

We conducted SVR-VLSM and SVR-CLSM analyses to
identify the anatomical networks that subserve reading
accuracy and phonological subprocesses. Lesions involv-
ing left supramarginal gyrus (SMG), parietal operculum,
and intraparietal sulcus related to reduced overall reading
accuracy (both words and pseudowords), but this result
did not reach cluster-wise significance (SVR-VLSM clus-
ter-wise P = 0.056; cluster size: 3343 mm?; centre-of-
mass MNI coordinates: —47.1, —35.4, 30.9; Fig. 4A).
Sixteen disconnections primarily involving left posterior
perisylvian cortex related to lower overall reading accur-
acy, with three disconnections involving IvPCG (SVR-
CLSM edge-wise FWER P < 0.05; Fig. 4B; Table 3).
Consistent with the behavioural association between a
lower sensory-motor integration score and lower overall
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Figure 2 Relationship between patient phonological abilities and reading accuracy. (A) Control accuracy reading aloud the matched
words and pseudowords. (B) Patient accuracy reading aloud the matched words and pseudowords. Grey lines connect paired observations
within a subject. (C) A logistic mixed-effects model of patient accuracy reading aloud the matched pseudowords and words (30 subjects, 40
items, 1200 observations) revealed that lower motor-phonological processing scores (ASRS-3 Total Score) selectively related to inaccurate
pseudoword reading [lexicality x motor phonology interaction: Z = —1.965, P = 0.049, odds ratio (OR) = 0.51, 95% confidence interval (Cl) =
0.264-0.998]. Covariates tested for inclusion: lesion volume, stroke chronicity, age and education. (D) The same logistic mixed-effects model
revealed that lower sensory-motor integration scores related to lower overall accuracy reading aloud the matched pseudowords and words
(sensory-motor integration main effect: Z=3.509, P < 0.001, OR = 2.25, 95% Cl = 1.43-3.55). The sensory-phonological processing score did
not independently relate to patient reading accuracy. See Supplementary Table 4 for logistic mixed model estimates.

reading accuracy, SVR-VLSM and SVR-CLSM of the sen-
sory-motor integration score yielded significant results
that overlap with the results for overall reading accuracy.
Specifically, lesions involving left supramarginal gyrus,
parietal operculum, superior temporal gyrus (STG), and
ventral postcentral gyrus related to a lower sensory-motor
integration score (SVR-VLSM cluster-wise P = 0.003;
cluster size: 17 172 mm?; centre-of-mass: —51.1, —20.2,
9.5; Fig. 4A), overlapping the SVR-VLSM cluster for
overall reading accuracy in SMG and parietal operculum.
A lower sensory-motor integration score related to dis-
connections of dorsal SMG regardless of anatomical end-
point (SVR-CLSM parcel-wise P < 0.05) and 16
disconnections involving posterior temporal and/or infer-
ior parietal cortex (SVR-CLSM edge-wise P < 0.05),
with no frontal involvement (Fig. 4C; Table 3). Brain
regions implicated in the SVR-CLSM analyses of both
overall reading accuracy and sensory-motor integration
include SMG, mid-posterior STG,
planum temporale, ventral postcentral gyrus, parietal
angular gyrus, superior temporal

score anterior

operculum, dorsal

sulcus, posterior cingulate, and superior parietal cortex.
Edge-wise overlap between the SVR-CLSM results for
overall reading accuracy and sensory-motor integration
included the disconnection between anterior SMG and
angular gyrus. Overall, these results revealed that lesioned
or disconnected temporoparietal cortex relates to both
reduced overall reading accuracy and a reduced sensory-
motor integration score.

As predicted by the differentiated phonological reading
hypothesis, SVR-VLSM and SVR-CLSM confirmed that
lesions and disconnections involving IVPCG related to
both reduced sublexical reading accuracy and a reduced
motor-phonology score (Fig. 4D). SVR-VLSM replicated
the association between lesioned IVPCG and reduced
pseudoword reading accuracy relative to word reading
accuracy (see Supplementary Fig. 1 for comparison with
a cluster from Dickens et al.’*). The identified cluster
centres on the left frontal operculum (MNI centre of
mass: —43.9, —2.6, 7.5) and spans IvPCG, ventral post-
central gyrus, insula (superior precentral gyrus and infer-
ior long anterior gyrus), extreme capsule, putamen, and


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab194#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab194#supplementary-data
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Figure 3 Lesion overlap maps. (A) Voxel-wise lesion overlap map with x-axis MNI coordinates of sagittal slices. (B) Edge-wise lesion overlap
within the structural connectome after excluding edges not present in 100% of controls. An edge consists of the connection between two
parcels of the Lausanne atlas scale 125°? and is represented by a cell within the matrices at the location at which the parcels intersect on the x
and y axes. Each row and column within the matrices correspond to a parcel (brain region) of Lausanne atlas scale 125. An edge (i.e. connection)
was classified as lesioned if it was present in 100% of control subjects, but missing in the patient. Parcel locations are labeled as follows:

F = Frontal, P = Parietal, O = Occipital, T = Temporal, S = Subcortical. Only inter-hemispheric connections and left intra-hemispheric
connections were considered in SVR-CLSM analyses. Only the upper right half of the left intra-hemispheric connectome is shown because the

matrix is symmetrical along the diagonal.

the internal capsule (cluster-wise P = 0.030; cluster size:
4734 mm?). A lower motor phonology score related to a
more extensive cluster centred at the extreme capsule
(MNI centre of mass: —32.5, —2.2, 8.2) and spanning
IvPCG/frontal operculum, ventral postcentral gyrus, pos-
terior and anterior insula, putamen, caudate, and subcor-
tical white matter (SVR-VLSM cluster-wise P = 0.0004;
cluster size: 20 672 mm?; Fig. 4D). Voxel-wise overlap
between the clusters for sublexical reading accuracy and
motor phonology score included IvPCG/frontal opercu-
lum, insula (superior precentral gyrus and inferior long
anterior gyrus), subcortical white matter, and putamen.
Lower pseudoword reading accuracy relative to word
reading accuracy related to twenty-two disconnections
primarily involving left dorsal perisylvian cortex (SVR-
CLSM edge-wise FWER P < 0.05; Table 4; Fig. 4E).
Consistent with the SVR-VLSM results, seven of these
twenty-two edges connected IvPCG and posterior regions,
including SMG, angular gyrus, intraparietal sulcus, super-
ior parietal cortex, precuneus, and lateral occipital cortex.
Notably, these results revealed that the three IVPCG dis-
connections identified in the analysis of overall reading
accuracy (Table 3) relate to lower pseudoword reading
accuracy to word reading

relative accuracy, thus

confirming the preferential association between discon-
nected IvPCG and less accurate sublexical reading. A
lower motor phonology score related to twenty left intra-
hemispheric disconnections involving the frontal cortex,
parietal cortex, insula, and deep structures, with five dis-
connections involving IvPCG (Fig. 4F; Table 4). In add-
ition to IvPCG, brain regions implicated in the SVR-CLSM
analyses of both sublexical reading and motor phonology
include dorsal anterior insula, anterior SMG, ventral post-
central gyrus, parietal operculum, paracentral lobule, pos-
terior cingulate, and precuneus. There was no edge-wise
overlap between the SVR-CLSM results of sublexical read-
ing and motor phonology (i.e. the exact connections were
different). Overall, these SVR-VLSM and SVR-CLSM
results confirm that lesions and disconnections of IVPCG
preferentially relate to both reduced sublexical reading ac-
curacy and a reduced motor phonology score, as predicted
by the differentiated phonological reading hypothesis.
SVR-VLSM found that a lower sensory phonology
score related to a cluster spanning medial postcentral
gyrus, superior parietal cortex, and intraparietal sulcus
(cluster-wise P = 0.034; cluster size: 4906 mm>; MNI
centre-of-mass: —31.7, —36.6, 46; Supplementary Fig. 2).
Consistent with the lack of a behavioural association in


https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab194#supplementary-data
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Figure 4 Results of SVR-VLSM and SVR-CLSM analyses. (A) SVR-VLSM results (voxel-wise P < 0.005, cluster-wise FWER P < 0.05)

for both overall reading accuracy (yellow; cluster-wise P = 0.056) and sensory-motor integration score (dark green; cluster-wise P = 0.003).

(B) SVR-CLSM results (edge-wise FWER P < 0.05) for overall reading accuracy (yellow). (C) SVR-CLSM results (edge-wise FWER P < 0.05) for
sensory-motor integration score (dark green). Disconnected dorsal SMG (purple) related to worse sensory-motor integration ability regardless
of anatomical endpoint (parcel-wise FWER P < 0.05). (D) SVR-VLSM results (voxel-wise P < 0.005, cluster-wise FWER P < 0.05) for both
sublexical reading accuracy (red; cluster-wise P = 0.030) and motor phonology score (blue; cluster-wise P = 0.0004). (E) SVR-CLSM results
(edge-wise FWER P < 0.05) for sublexical reading accuracy (red). (F) SYR-CLSM results (edge-wise FWER P < 0.05) for motor phonology score
(blue). For B, E, and F, IWPCG is marked in cyan for visualization. B, C, E, and F each display a left sagittal and dorsal view of the brain. Lesion size,
age, and education were regressed out of the behavioural and lesion/connectome data in all analyses. SVR-VLSM and SVR-CLSM results were
visualized with Mango (http://ric.uthscsa.edu/mango/index.html) and BrainNet,”® respectively.

the logistic mixed-effects model of reading accuracy (Fig. 2),
this cluster did not overlap with the clusters for either over-
all reading accuracy or sublexical reading accuracy. SVR-
CLSM did not reveal any significant association between
the sensory phonology score and structural disconnections.

Discussion

The primary aim of this study was to isolate the contri-
butions of phonological subprocesses to reading. In sup-
port of the differentiated phonological reading hypothesis,
our mixed-effects regression and multivariate lesion-symp-
tom mapping analyses isolated differential contributions
of phonological subprocesses to reading. Our results
provide evidence for two types of phonological reading
impairment in stroke aphasia. Lesions to and structural

disconnections of the left temporoparietal cortex result in
a sensory-motor integration deficit that impairs the read-
ing aloud of both words and pseudowords. In contrast,
lesions to and structural disconnections of IVPCG result
in a motor-phonological deficit that preferentially impairs
sublexical reading. Our results clarify the neuroanatomic-
al bases of phonological processing in reading and lan-
guage and motivate the development of an integrated
cognitive model of print and speech processing in which
an orthographic processing system interacts with a sen-
sory-motor phonological circuit (Fig. 1C).

Sensory-motor integration in speech processing involves
the translation from auditory input representations to
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Table 3 SVR-CLSM results for overall reading accuracy and sensory-motor integration (Edge-wise FWER P < 0.05).

Task Edge SVR-j MNI | MNI 2
Overall Reading Left ventral postcentral gyrus/parietal operculum <> Left angular gyrus 9.65 —54,-14,16 -39, —56,23
Accuracy Left ventral postcentral gyrus/parietal operculum <> Left precuneus 9.41 —54,—14, 16 —5, —64, 30
Left ventral postcentral gyrus <> Left angular gyrus 941 —58, —9,26 —39, —56, 23
Left posterior cingulate <> Left dorsal superior temporal sulcus 9.41 -5, 15,33 —52,-42,9
Left superior parietal cortex <> Left planum temporale 9.28 —21, —45, 60 —52,-30,8
Left ventral postcentral gyrus <> Left anterior STG * 9.27 —58, —9,26 —46, 8, 21
Left anterior SMG <> Left angular gyrus 9.18 —59, -27,26 —35, —74,44
Left ventral precentral gyrus/frontal operculum <> Left superior parietal cortex * 9.16 —47, -2,9 —15,-74,50
Left angular gyrus <> Left caudate 8.96 —44, —58, 41 —-13,0,9
Left ventral precentral gyrus/frontal operculum <> Left intraparietal sulcus * 8.89 —47, -2,9 —24, 73,26
Left isthmus cingulate <> left anterior SMG 8.73 -9, —42, 16 —59, —27,26
Left ventral precentral gyrus/frontal operculum <> Left angular gyrus * 8.67 —47,-2,9 —44, —58, 41
Left dorsal SMG <> Left precuneus 8.48 —40, —38, 38 —11, —45,44
Right putamen <> Left posterior SMG 8.07 23, —1,-2 —47, —41,27
Left caudal middle frontal cortex <> Left ventral postcentral gyrus/parietal 7.96 —32,4,53 —54, —14, 16
operculum
Right superior parietal cortex <> Left mid-posterior STG 7.66 18, —73,47 —57,-20, -1
Sensory-Motor Left ventral postcentral gyrus/parietal operculum <> Left mid-posterior STG 10 —54, 14, 16 —57,-20, -1
Integration Left ventral postcentral gyrus <> Left mid-anterior STG 9.55 —58, -9, 26 —51,-8,-9
Score Left superior parietal cortex <> Left mid-posterior STG 9.38 —21, —45, 60 —57,-20, -1
Left anterior SMG <> Left mid-posterior STG 9.29 —59, —27,26 —57,-20, -1
Left ventral postcentral gyrus <> Left mid-posterior STG 9.24 —58, —9,26 —57,-20, —1
Left posterior cingulate <> Left angular gyrus 9.21 -5, 15,33 —58, -51, 31
Right precuneus <> Left angular gyrus 8.97 8, —44, 49 —58, —51, 31
Left dorsomedial postcentral gyrus <> Left mid-posterior STG 8.90 —27, -33,60 —57,-20, —1
Left ventral postcentral gyrus/parietal operculum <> Left intraparietal sulcus 8.74 —54,-14,16 —23, —55, 41
Left anterior SMG <> Left dorsal superior temporal sulcus 8.74 —59, —27,26 —52, -42,9
Left anterior SMG <> Left planum temporale 8.74 —59, -27,26 —52,-30,8
Left anterior SMG <> Left Heschl’s gyri 8.74 —59, -27,26 —41, -23,9
Right superior parietal cortex <> Left mid-posterior STG 8.63 31, —42,47 —57,-20, -1
Left anterior SMG <> Left angular gyrus 3 8.63 —59, 27,26 —58, —51, 31
Left posterior cingulate <> Left mid-posterior STG 8.57 -5, 15,33 —57,-20, —1
Left anterior SMG <> Left angular gyrus 8.34 —59, —27,26 —35,-74,44

SVR-f = support vector regression beta coefficient. MNI | and 2 represent the Montreal Neurologic Institute coordinates for parcel centroids to the left and right of the ‘<>".
P=0.0001 for all edges. An edge consists of the connection between two Lausanne Atlas Scale 125 parcels.

?Edge that is also significant in the analysis of sublexical reading accuracy (see Table 4).
PEdge that is significant for both tasks.

motor output representations. Impaired sensory-motor in-
tegration thus results in impaired speech repetition, which
is a hallmark symptom of conduction aphasia.**”® The
relative importance of specific cortex and white matter
connections to sensory-motor integration is unsettled (see
Ardila” and Berthier et al.”” for reviews). According to
the classical view,”®”” which persists today (e.g. see Jones
et al.%%), sensory-motor integration is enabled by the ar-
cuate fasciculus, which connects auditory representations
in the posterior superior temporal cortex to motor repre-
sentations in the frontal cortex. This classical account
has been under increasing scrutiny over the last several
decades, with researchers arguing that lesioned posterior
perisylvian cortex accounts for conduction aphasia.**31:8
Moreover, contemporary dual-stream models of speech
processing attribute sensory-motor integration to a patch
of temporoparietal cortex, typically either left posterior
planum temporale®?® or left SMG.>***> Our SVR-VLSM
and SVR-CLSM results for

pseudoword  repetition

support left superior temporal (particularly mid-posterior
STG) and inferior parietal (particularly ventral postcentral
gyrus and SMG) cortex and connections as critical sub-
strates for sensory-motor integration in speech processing.
Within models of speech motor control,>*® accurate
speech production depends on auditory and somatosen-
sory targets provided by STG and ventral postcentral
gyrus, respectively. Intact mid-posterior STG and ventral
postcentral gyrus may thus enable the interaction of audi-
tory and somatosensory processing prior to and during
speech repetition, with SMG enabling integration with
motor processing. Our SVR-CLSM results also suggest
that interactions between the left angular gyrus and other
components of the default mode network®* (left posterior
cingulate cortex and right precuneus) may support accur-
ate sensory-motor integration, perhaps by contributing to
speech action-perception awareness.®> Thus, in contrast
to the classical account, our findings suggest that sen-
sory-motor integration depends on

intact cortical
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Table 4 SVR-CLSM results for sublexical reading and motor phonology (Edge-wise FWER P < 0.05)

J. V. Dickens et al.

Task Edge SVR-f MNI | MNI |
Sublexical Reading Left superior frontal gyrus <> Left angular gyrus 10 -9, 50, 39 —58, 51, 31
Accuracy Left ventral postcentral gyrus/parietal operculum <> Left lateral occipital cortex 957 -54,-14,16 —43, 75,4

Left ventral postcentral gyrus <> Left anterior middle temporal gyrus 9.42 —58,-9,26  —53,-2,-29
Left paracentral lobule <> Left mid-posterior STG 9.34 —10, -28,49 —57,-20, -1
Left rostral middle frontal gyrus <> Left mid-posterior STG 9.31 —44, 25,28 —57,-20, -1
Left rostral middle frontal gyrus <> Left mid-posterior STG 9.31 —40, 39, 14 —57,-20, -1
Left ventral precentral gyrus/frontal operculum <> Left intraparietal sulcus * 9.25 —47, -2,9 —24, 73,26
Left ventral precentral gyrus/frontal operculum <> Left angular gyrus * 9.18 —47,-2,9 —44, 58, 41
Left ventral precentral gyrus/frontal operculum <> Left superior parietal cortex 9.06 —47,-2,9 —15,-74,50
Left primary motor cortex <> Left Heschl’s gyri 9.04 —40, —13,33 —41, -23,9
Left anterior SMG <> Left angular gyrus 891 —59,-27,26  —58, —51, 31
Left ventral precentral gyrus/frontal operculum <> Left precuneus 8.89 —47,-2,9 -5, -53,58
Left ventral postcentral gyrus/parietal operculum <> Left precuneus 882 —54,—-14,16 —10,-55,34
Left ventral precentral gyrus/frontal operculum <> Left dorsal SMG 8.78 —47,-2,9 —40, —38, 38
Left ventral precentral gyrus/frontal operculum <> Left anterior SMG 8.76 —47,-2,9 —59, -27,26
Left ventral precentral gyrus/frontal operculum <> Left lateral occipital cortex 8.74 —47, -2,9 —17, =96, 19
Left primary motor cortex <> Left mid-posterior STG 867  —40,—13,33 —57,-20, -1
Left posterior STG <> Left dorsal anterior insula 8.49 —50, —42, I5 -30,12,7
Left posterior cingulate cortex <> Left angular gyrus 8.48 -5, 15,33 —58, 51, 31
Left ventral postcentral gyrus <> Left Heschl’s gyri 8.46 —58, -9, 26 —41, -23,9
Left ventral postcentral gyrus <> Left anterior STG * 8.44 —58, —9,26 —46, 8, —21
Left superior frontal gyrus <> Left posterior STG 841 -9, 50, 39 —50, —42, I5

Motor Phonology Left superior frontal gyrus <> Left ventral precentral gyrus/frontal operculum 10 —47, -2,9 —4, —23, 68

Score Left dorsomedial precentral gyrus <> Left ventral precentral gyrus/frontal 10 —47,-2,9 —10, —28, 49
operculum
Left ventral precentral gyrus/frontal operculum <> Left paracentral lobule 9.35 —6,—1,60 —54, 14,16
Left ventral precentral gyrus/frontal operculum <> Left paracentral lobule 9.35 -6, —1, 60 —59, -27,26
Left ventral precentral gyrus/frontal operculum <> Left posterior cingulate 9.31 —58, —9,26 —14,-17,6
Left superior frontal gyrus <> Left ventral postcentral gyrus/parietal operculum 9.31 —58, -9, 26 —23,-3,-2
Left dorsomedial precentral gyrus <> Left ventral postcentral gyrus/parietal 9.31 —58, -9, 26 —19, -4, -5
operculum

Left paracentral lobule <> Left ventral postcentral gyrus/parietal operculum 9.31 —54, 14,16 —24,-25,—11
Left paracentral lobule <> Left ventral postcentral gyrus/parietal operculum 9.31 —58, -9, 26 0, —29, —26
Left superior frontal gyrus <> Left anterior SMG 8.95 —54, —14, 16 —13,0,9
Left ventral postcentral gyrus/parietal operculum <> Left precuneus 8.95 —59, -27,26 —13,0,9
Left ventral anterior insula <> Left dorsal anterior insula 8.95 —58,-9,26 —24, -25,—1I
Left ventral postcentral gyrus <> Left thalamus 8.88 —47,-2,9 -5, 15,33
Left ventral postcentral gyrus/parietal operculum <> Left caudate 8.79 —6,—1,60 —47, -2,9
Left anterior SMG <> Left caudate 8.53 —33,9,-8 —30, 12,7
Left ventral postcentral gyrus <> Left putamen 8.36 —-20, —16, 60 —47, -2,9
Left ventral postcentral gyrus <> Left pallidum 8.0l —20,—16,60 —54,—14,16
Left ventral postcentral gyrus <> Left hippocampus 8.0l —4, —23, 68 —54, 14,16
Left ventral postcentral gyrus/parietal operculum <> Left hippocampus 8.0l —10,-28,49 —54,-14,16
Left ventral postcentral gyrus <> Left brainstem 8.0l —54, —14, 16 -5, -53,58

SVR-f} = support vector regression beta coefficient. MNI | and 2 represent the Montreal Neurologic Institute coordinates for parcel centroids to the left and right of the ‘<>".
P=0.0001 for all edges. An edge consists of the connection between two Lausanne Atlas Scale 125 parcels.

Edge that is also significant in the analysis of overall reading accuracy (see Table 3).

processes not mediated by white matter projections to the
frontal cortex. Our SVR-CLSM results do not rule out
the necessity of other regions for intact sensory-motor in-
tegration. Indeed, sensory-motor integration is a computa-
tion that likely involves dynamic, parallel interactions
across many cortical zones.*%” However, our results in-
dicate that left temporoparietal circuits are required for
intact sensory-motor integration.

Pseudoword repetition accuracy has frequently served
as an index of the general phonological impairment in
phonological alexia cases.””*® Pseudoword repetition dif-
fers from other phonological tasks (e.g. rhyme judgment)

in that it emphasizes the transformation of input phon-
ology into output phonology (i.e. sensory-motor integra-
tion). Our results suggest that impaired sensory-motor
integration does not selectively relate to inaccurate sub-
lexical reading. Specifically, our mixed-effects regression
analysis (Fig. 2), which controlled for sensory- and
motor-phonological processing, demonstrated a relation-
ship between inaccurate pseudoword repetition and in-
accurate reading aloud regardless of item lexicality. In
line with this behavioural association, our SVR-VLSM
and SVR-CLSM results suggest that sensory-motor inte-
gration and reading rely on shared neural substrates.
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Specifically, reduced pseudoword repetition accuracy and
overall reading accuracy were both related to lesioned or
disconnected superior temporal and inferior parietal cor-
tex. The exact patterns of temporoparietal disconnections
associated with inaccurate reading and speech repetition
were largely different, which may reflect differing task
demands. Unlike pseudoword repetition, reading requires
the subject to generate the phonological code from print.
It is thus unsurprising that reduced overall reading accur-
acy related to disconnections of cortex that support
phonological processing (STG, SMG, IvPCG, and ventral
postcentral gyrus), visual processing (lateral occipital cor-
tex), and multi-modal or executive processing (angular
gyrus and prefrontal cortex). Overall, our results demon-
strate that impaired sensory-motor integration and alexia
are linked, but impaired sensory-motor integration leads
to a general reading impairment, not to a selective sub-
lexical reading impairment.

We propose that temporoparietal circuits provide the
sensory-motor integration mechanisms and sensory targets
necessary for phonological contributions to both reading
and speech processing. Prior lesion studies have consist-
ently implicated lesioned superior temporal and inferior
parietal cortex as causing alexia'®!'®2%30313%89 44
impaired speech repetition.”’~* Notably, a disturbance in
reading aloud is frequently evident in cases of conduction
aphasia.”> Moreover, fMRI evidence suggests that print
and speech processing converge in the left superior tem-
poral cortex”*”° and that SMG supports both spelling-
to-sound translation”®”” and non-orthographic phono-
logical processing.”®”® Developmental dyslexia has been
associated with structural and functional differences in
the temporoparietal cortex.” Together with this extant
literature, our finding that impaired sensory-motor inte-
gration relates to reduced overall reading accuracy sug-
gests that all words, whether known or novel, rely on
shared sensory-motor integration processes and sensory-
phonological targets for accurate phonological processing
during reading. Consistent with this interpretation, lower
accuracy on pseudoword repetition correlated with more
orthographically related word errors on both pseudo-
words and words, as well as more non-word neologisms
on words. Thus, impaired sensory-motor integration cor-
relates with both greater reliance on spared knowledge of
known phonological forms as well as disrupted computa-
tion of known phonological forms. This result is expected
in the context of a motor-phonological system operating
without access to a full repertoire of intact sensory-
phonological targets. Disruption of this temporoparietal
circuit, therefore, does not result in a selective pseudo-
word reading deficit in reading aloud. Rather, the pattern
of reading performance in the context of a sensory-motor
integration deficit reflects pre-morbid task difficulty.
Pseudowords are harder to read than words, as evidenced
by the fact that even our control subjects usually demon-
strated a measurable lexicality effect in reading aloud
(Table 2). A lexicality effect may therefore be evident in
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patients despite there being no selective impairment of
pseudoword reading. The contribution of spared semantic
knowledge to the computation of phonological codes is
unlikely to compensate for the sensory-motor integration
impairment, at least in the context of speeded reading
aloud. Indeed, reading aloud is arguably a predominantly
phonological task,'®" given that the mapping from print
to sound is more systematic than the mapping from print
to meaning. The lack of an independent relationship be-
tween the sensory phonology score and reading accuracy
may reflect the nature of the tasks used to measure sen-
sory phonology. Impaired auditory rhyme judgement and
syllable counting may have been related to a working
memory deficit rather than a linguistic deficit in our
sample, as evidenced by the association between lesioned
superior parietal cortex and a lower sensory-phonology
score. However, our SVR-CLSM analyses implicated dis-
connected superior temporal gyrus, a region that supports
sensory-phonological processing,®*® with inaccurate pseu-
doword repetition and reading aloud. Overall, we suggest
that damage to temporoparietal networks results in a sen-
sory-motor integration deficit that impairs speech produc-
tion and reading aloud of both words and pseudowords.

Motor-phonological processing relies on abstract motor
speech programmes that ensure fluent and accurate
speech articulation. Apraxia of speech is a disorder of
speech motor programming with unclear neural bases
(see Miller and Guenther®® and Ogar et al.'®* for
reviews). Neural correlates of apraxia of speech include
lesions involving the anterior insula,*””*® the basal gan-
glia,'® inferior frontal gyrus,®' precentral gyrus,***>10
and parietal operculum.*”  Our SVR-VLSM and
SVR-CLSM results suggest that impaired speech motor
programming results from disruption of a distributed net-
work of the frontal cortex, parietal cortex, posterior/an-
terior insula, and subcortical structures. Notably, for the
goals of the present study, disconnections involving
IvPCG were implicated as participating in the network
underlying motor speech impairment. This result supports
the notion that IvPCG is a neural seat for motor-phono-
logical programmes.®*® Additionally, our finding of a
role for somatosensory cortex in motor-phonological
processing, instead of auditory cortex, supports somato-
sensory targets being particularly critical for the fluent ar-
ticulation of phonemes, as proposed by the Hierarchical
State Feedback Control model.® Overall, we suggest that
impaired speech motor programming results from disrup-
tions of both perisylvian phonological circuits and sub-
cortical motor circuits and is thus not reducible to a
single lesion site. Importantly, our results speak to the
neural bases of impaired speech motor programming, ra-
ther than syndromic cases of apraxia of speech. While
chronic post-stroke apraxia of speech seems to be
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associated with large frontal lesions suggestive of non-
focal network disruption,’® different patterns of symp-
toms likely result from damage to different components
of cortical and subcortical networks.®

Our behavioural and lesion-symptom mapping results
provide strong evidence that a motor-phonological deficit
leads to a preferential impairment of sublexical reading.
Mixed-effects regression confirmed our prediction that
greater motor-phonological impairment relates to less ac-
curate reading of pseudowords relative to words. Lesions
to and disconnections of IvPCG related to both motor-
phonological impairment and inaccurate pseudoword
reading relative to word reading, thus demonstrating a
neural link. These results align with our previous SVR-
VLSM study, which found that lesions involving IvPCG
preferentially impaired pseudoword reading relative to
word reading.”* The consistent shared involvement of
IvPCG in both sublexical reading and motor-phonological
processing across our SVR-VLSM and SVR-CLSM analy-
ses suggests that lesioned and/or disconnected IvPCG
drives the relationship between inaccurate sublexical read-
ing and speech motor programming deficits. Consistent
with this conclusion, neuroimaging and lesion evidence
supports the role of IvPCG in both language and motor
speech processing.**®??  Our results also implicate
lesioned or disconnected mid/anterior insula as causing
inaccurate sublexical reading, which could relate to
impaired speech motor planning.*” Overall, these results
demonstrate that motor-phonological impairment and
sublexical reading impairment are behaviourally and neu-
roanatomically linked.

We propose that IVPCG provides motor-phonological
targets that are important for both sublexical reading and
motor speech programming. Pseudowords, given that
they have never been seen, heard, or pronounced before,
lack support from long-term orthographic, auditory, and
motor memory. Disruption of motor-phonological pro-
grammes may thus impair the normal sensory-motor
interactions that enable the online construction of a
plausible, novel phonological code. Without a motor tar-
get, any phonological code constructed based on ortho-
graphic input is less likely to be translated into plausible,
novel phonological output. The fact that the relationship
between motor-phonological impairment and pseudoword
reading impairment was driven by real word orthograph-
ic errors indicates that the loss of motor speech pro-
grammes demands greater reliance on spared lexical
knowledge in reading aloud. The relative preservation of
word reading may also reflect that known word motor
programmes are over-learned in partially redundant cor-
tical and subcortical motor networks.*® Consistent with
this proposal, people with apraxia of speech often articu-
late low-frequency syllables less accurately than high-fre-
quency syllables.'® The fact that the motor phonology
score did not relate to overall reading accuracy confirms
that the underlying deficit is not a low-level motor def-
icit, particularly dysarthria. Specifically, dysarthric speech
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results from motor weakness or paralysis and therefore
would affect the reading aloud of all letter strings
whose pronunciation involves the dysarthric articulators,
regardless of lexicality. Overall, we propose that intact
motor-phonological programmes are partially responsible
for accurate sublexical reading.

Our results demonstrate that phonological contributions
to reading and speech processing are behaviourally and
neuroanatomically linked. However, it should be noted
that our results cannot rule out co-localization of separ-
able neural substrates or computations for phonological
processing in reading and language. Indeed, some
researchers assert that sublexical reading is accomplished
through a reading-specific computation (e.g. see Coltheart
et al.”’). Our finding of two types of dissociable phono-
logical contributions to reading, however, supports the
idea that reading and language rely on shared sensory-
motor circuits, at a minimum.

The extent to which the results of our analyses of read-
ing aloud are generalizable to silent reading is an open
question. Relative to silent reading, reading aloud empha-
sizes the computation of a complete and accurate phono-
logical code. However, phonological processing certainly
occurs in silent reading.'®® Moreover, fMRI evidence
indicates that silent and oral reading depend on a shared
neurocognitive architecture,”*'%”
vation reflecting task demands.'°® A recent eye-tracking
study found a correlation between ocular dynamics in si-
lent reading of infrequent letter strings and articulatory
dynamics in reading aloud the same letter strings, sug-
gesting the involvement of motor representations in the
silent reading of unfamiliar letter strings.'” Future re-
search should examine the relationship between impaired
motor-phonological processing and performance on read-
ing tasks that do not require overt speech production. It
is also notable that we contrasted performance reading
pronounceable pseudowords versus regular words. While
this contrast directly isolates the lexicality effect without
introducing difficulties due to phonotactic violations or
knowledge of irregular words, future research should de-
termine the extent to which our findings are generalizable
to other letter strings.

with differences in acti-

Conclusion
Phonological processing is a fundamental language com-
ponent that contributes to reading.?®100-101

Contemporary accounts of reading and alexia refer to
phonological processing in only the broadest of
terms.”>*® In contrast, neurocognitive models of speech
processing explicitly appreciate that phonological process-
ing is not monolithic.®**** By addressing this incongruity
between models of reading and speech processing, we
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identified dissociable contributions of sensory-motor inte-
gration and motor-phonological processing to reading, as
predicted by our differentiated phonological reading hy-
pothesis. These results provide evidence for a more
nuanced account of the neurocognitive bases and behav-
ioural symptoms of phonological reading impairment in
aphasia. Namely, at least two types of phonological im-
pairment account for variation in reading abilities in
stroke aphasia. Patients with lesions affecting the left tem-
poroparietal cortex and its structural connections can be
expected to demonstrate a sensory-motor integration def-
icit that disturbs the reading aloud of words and pseudo-
words. In contrast, patients with left frontal lesions
affecting the ventral premotor cortex and its structural
connections can be expected to demonstrate a motor-
phonological impairment that preferentially disturbs sub-
lexical reading. These findings underscore how integrating
models of speech processing and reading can reveal
insights into the shared computational architecture under-
lying reading and language.
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