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Randomized trial of iReadMore word reading
training and brain stimulation in central alexia
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*These authors contributed equally to this work.

Central alexia is an acquired reading disorder co-occurring with a generalized language deficit (aphasia). We tested the impact of a
novel training app, ‘iReadMore’, and anodal transcranial direct current stimulation of the left inferior frontal gyrus, on word
reading ability in central alexia. The trial was registered at www.clinicaltrials.gov (NCT02062619). Twenty-one chronic stroke
patients with central alexia participated. A baseline-controlled, repeated-measures, crossover design was used. Participants com-
pleted two 4-week blocks of iReadMore training, one with anodal stimulation and one with sham stimulation (order counter-
balanced between participants). Each block comprised 34 h of iReadMore training and 11 stimulation sessions. Outcome measures
were assessed before, between and after the two blocks. The primary outcome measures were reading ability for trained and
untrained words. Secondary outcome measures included semantic word matching, sentence reading, text reading and a self-report
measure. iReadMore training resulted in an 8.7% improvement in reading accuracy for trained words (95% confidence interval 6.0
to 11.4; Cohen’s d = 1.38) but did not generalize to untrained words. Reaction times also improved. Reading accuracy gains were
still significant (but reduced) 3 months after training cessation. Anodal transcranial direct current stimulation (compared to sham),
delivered concurrently with iReadMore, resulted in a 2.6% (95% confidence interval —0.1 to 5.3; d = 0.41) facilitation for reading
accuracy, both for trained and untrained words. iReadMore also improved performance on the semantic word-matching test.
There was a non-significant trend towards improved self-reported reading ability. However, no significant changes were seen at the
sentence or text reading level. In summary, iReadMore training in post-stroke central alexia improved reading ability for trained
words, with good maintenance of the therapy effect. Anodal stimulation resulted in a small facilitation (d = 0.41) of learning and
also generalized to untrained items.
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Introduction

Acquired disorders of reading may be a consequence of
generalized language impairment. We refer to these dis-
orders as central alexias (but see Ellis and Young, 1988;
Warrington and Shallice, 1980, for a slightly different use
of this term). Central alexia encompasses phonological,
deep and surface alexia (Leff and Behrmann, 2008).
Patients with central alexia are slow to read, make frequent
errors and have additional problems with spoken language.
We tested two concurrent therapies aiming to improve
word reading in patients with central alexia after left hemi-
sphere stroke: (i) ‘iReadMore’, a novel reading therapy
app; and (ii) anodal transcranial direct current stimulation
(tDCS) delivered to left inferior frontal gyrus (LIFG).

According to the primary systems hypothesis and connec-
tionist triangle model of reading (Plaut et al., 1996), central
alexia may be due to damage to the phonological (P), se-
mantic (S) or orthographic (O) system, or the connections
between them (see Coltheart et al., 2001; Coltheart, 2006,
for a different theory of reading and the causes of phono-
logical and surface dyslexia). Damage affecting phonology
or the direct O-P mappings primarily impairs pseudoword
reading (phonological alexia; Patterson and Lambon-Ralph,
1999; Crisp and Lambon Ralph, 2006) and causes seman-
tic errors in more severe cases (deep alexia; Crisp et al.,
2011). Damage to the semantic system or the semantically
(S) mediated O-S-P route impairs irregular word reading
(surface alexia; Patterson and Lambon Ralph, 1999;
Woollams et al., 2007).

A number of therapies for central alexiahave been tested,
mostly in single case experimental designs. Attempts to re-
train grapheme-to-phoneme conversion rules or phonomo-
tor processing have met with mixed success in phonological
and deep alexia (De Partz, 1986; Mitchum and Berndt,
1991; Nickels, 1992; Conway et al., 1998; Kendall et al.,
1998, 2003; Adair et al, 2000; Kiran et al., 2001;
Friedman and Lott, 2002; Yampolsky and Waters, 2002;
Stadie and Rilling, 2006; Kim and Beaudoin-Parsons, 2007;
Brookshire et al., 2014a; Riley and Thompson, 2014). Such
sublexical approaches can be painstakingly slow, but have
the advantage of generalizing
Conversely, lexical approaches, e.g. crossmodal paired as-
sociate learning, priming or semantic remediation, have
proven effective in phonological, deep and surface alexia,
but tend not to generalize (Friedman and Robinson, 1991;
Friedman et al., 2002; Ska et al., 2003; Kurland et al.,
2008; Lott et al., 2008).

iReadMore uses a crossmodal, lexical approach, pairing
written (O), spoken (P) and pictorial (S) representations of
words over multiple trials with adaptive difficulty. It aims
to strengthen connections between O, P and S domains,
and hence has the potential to benefit all types of central
alexia. We hypothesized that iReadMore would improve
reading accuracy for trained words, but like other lexical
therapies, would not generalize to untrained words.

to untrained words.
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iReadMore is based on a prototype reported by
Woodhead et al. (2013). In that trial (in patients with
pure alexia) functional imaging data indicated that training
strengthened feedback connections from LIFG to visual
cortex. Hence, we hypothesized that anodal tDCS delivered
to LIFG during training may enhance feedback and facili-
tate therapy effects. This tDCS montage delivered concur-
rently with language therapy has been shown to improve
speech production in chronic post-stroke aphasia (Baker
et al., 2010; Marangolo et al., 2011, 2013; Campana
et al., 2015); reading in pure alexia (Lacey et al. 2015);
and spelling in primary progressive aphasia (Tsapkini
et al., 2014). There have been no studies of tDCS in central
alexia to date.

The effects of iReadMore and anodal tDCS were tested
in a repeated-measures crossover design. Each patient
received two 4-week blocks of iReadMore therapy, accom-
panied with either real (anodal) or sham tDCS. Change in
reading ability for trained and untrained words after
iReadMore training was assessed, and compared for real
versus sham stimulation. A subset of the 50 most frequent
English words (‘core’ words), mostly low imageability func-
tion words, were trained in both blocks due to their im-
portance for reading, and to test the hypothesis that words
with low semantic content could also be trained using
iReadMore.

Materials and methods

Study design

A repeated-measures crossover design with six time points
(T1-T6) was used (Fig. 1). T1-TS were spaced by 4-week
intervals. Baseline language tests were spread over T1 and
T2 and combined. The interval between T2 and T3 was
used to assess pre-therapy (test-retest) changes. Two 4-week
therapy blocks followed: Block 1 from T3 to T4 and Block
2 from T4 to TS. T6 measured therapy maintenance 3 months
after completion of training.

During therapy blocks participants attended three 40-min
face-to-face sessions per week (Monday, Wednesday and
Friday), where iReadMore was administered concurrently
with anodal tDCS or sham tDCS. Participants completed add-
itional behavioural training using iReadMore independently at
home to amass at least 35h total practice per block.

Half the participants (Group 1) received anodal tDCS in
Block 1 and sham in Block 2. The other half (Group 2)
received sham then anodal tDCS. Block randomization with
bias minimization was used to allocate participants to Group
1 or Group 2 and ensure crossover groups did not become
unbalanced on severity (baseline word reading accuracy and
speed). Numerical codes for anodal tDCS and sham conditions
were prepared independently in advance of the trial (J.C.) and
executed by the researchers (S.K., Z.W.). Participants and re-
searchers collecting and analysing the data were blinded to
tDCS condition using the stimulator’s study mode.
Unblinding occurred after data acquisition and analysis ended.
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Block 2.

Control participants took part in one testing session to provide
normative data on word and pseudoword reading tests (Table 1).
Testing and face-to-face therapy sessions were conducted at the
Institute of Cognitive Neuroscience, University College London.

Participants

Data are presented from 21 patients (13 male; Table 1 and
Fig. 2) with a clinical diagnosis of post-stroke aphasia (made
by either a neurologist or a speech and language therapist). All
patients suffered a left-sided, middle cerebral artery territory
stroke and had a reading disorder caused by their generalized
language impairment. They were recruited between January
2014 and March 2016 mainly from the PLORAS database
(Wellcome Trust Centre for Neuroimaging, UCL; Seghier
et al., 2016), but also from a local specialist aphasia service.
Twenty participants exhibited phonological (7 =11) or deep
(n=9) alexia and one exhibited surface alexia (Patient P4).
Details on the methods categorizing patients to each group,
based on Whitworth et al. (2014), can be found in the
Supplementary material. This incidence ratio is consistent with
a study of 69 stroke patients with central alexia (Brookshire
et al., 2014b); surface alexia is more commonly encountered
in patients with semantic dementia (Woollams et al., 2007).

Sample size was calculated wusing alpha=5% and
beta = 90% (see Supplementary material for more details).
Results using a prototype of iReadMore (Woodhead et al.,
2013) indicated 18 subjects would be required to detect a
comparable change. LIFG anodal tDCS results reported in a
study by Baker and colleagues (2010) indicated 13 subjects
would be required. Taking a conservative approach to allow
for possible differences between studies, we aimed to collect
data from 20 subjects. Recruitment stopped at 7 = 24 (to allow
for a 20% drop-out rate), of whom 7 =21 participants com-
pleted the protocol (Fig. 2).

Inclusion criteria included: (i) left-hemisphere middle cere-
bral artery stroke; (ii) more than 1-year post-stroke; (iii) dom-
inant English language use in activities of daily living; and (iv)
central alexia, operationalized as impaired word reading
[Comprehensive Aphasia Test (CAT; Swinburn e al., 2005)
word reading T-score < 61] and impaired spoken language
(CAT naming < 63 or picture description < 61).

Exclusion criteria included: (i) premorbid history of neuro-
logical or psychiatric illness; (ii) history of developmental lan-
guage disorder; (iii) severe spoken output deficit and/or speech
apraxia (CAT repetition < 44); (iv) seizures in the past 12
months; (v) contraindications to MRI scanning; and (vi) exten-
sive damage to LIFG.

Group 1 comprised 10 participants (alexia subtypes: seven
phonological, three deep, one surface) and Group 2 comprised

= Groupl: received tDCS in Block | and sham in Block 2. G2 = Group2: received sham in Block | and tDCS in

11 participants (alexia subtypes: four phonological, six deep).
There were no between-group differences in age, time since
stroke, lesion volume, training dose or baseline word reading
performance (independent-samples #-tests, P > 0.3 in all cases);
the number of male and female participants (Fisher’s exact
test, P=0.18); or the number of participants showing a
phonological or deep alexia subtype (Fisher’s exact test,
P=0.37).

Control data for word and pseudoword reading tests (Table 1)
were collected from 21 age- and sex-matched healthy partici-
pants. There was no significant difference in age between patient
and control groups (P = 0.84). Control participants spoke English
as their dominant language, and had no history of neurological
or psychiatric illness or developmental language disorder.

All participants gave written informed consent. The protocol
was approved by the London Queen Square Research Ethics
Committee, UCL.

Structural MRI acquisition and lesion
identification

Structural whole brain MRI data were acquired for lesion
identification using a multi-parameter mapping protocol with
a 3.0T whole body magnetic resonance system (Magnetom
TIM Trio, Siemens Healthcare) and a 32-channel transmitter-
receiver head coil. We used quantitative magnetization transfer
(MT) maps from a multi-parameter mapping protocol
described by Callaghan et al. (2015) due to their excellent
contrast and spatial resolution.

MT maps were created using the Voxel Based Quantification
toolbox in SPM12 (http://www.fil.ion.ucl.ac.uk/Research/phy-
sics_info/QuantMRI_VBM.html;  http:/www.fil.ion.ucl.ac.uk/
spm/). The ALI toolbox (Seghier et al., 2008) was used for
MT map normalization, segmentation and lesion identification.

Training and testing word lists

Words with high written frequency (SUBTLEXwg > 50) were
selected from the SUBTLEX database (Brysbaert and New,
2009). High frequency words were chosen to maximize the eco-
logical utility of the therapy. All words were three to six letters
long so that they could easily be read in one fixation.
Hyphenated or punctuated words were excluded, and an effort
was made to avoid regular morphological variants of the same
word (e.g. eat, eaten, eating). Words of all classes (nouns, verbs,
functors etc.) were included, including words that have either
high or low imageability ratings. See Supplementary Fig. 1 for
details of the training and testing word lists.

Three matched lists of 180 words were created (A, B and C).
For each word on List A there was a corresponding word on
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Table | Demographic characteristics and baseline assessment scores for 21 participants with central alexia, ordered

by tDCS group and word reading accuracy

ID Sex Age, years  Time since Lesion CAT Word Pseudo. CA
stroke, months  volume, cm® naming, % reading, % Reading, % type
tDCS Group |
P7 M 67 107 12 72 12 3 D
P18 M 72 101 243 9 13 D
P16 M 60 16 103 33 28 10 D
P2 M 50 82 305 53 40 0 D
Pl M 44 94 24| 69 58 0 D
P8 F 43 55 399 8l 58 20 D
P13 M 56 23 45 72 80 0 P
P5 F 55 75 I51 937 92 30 P
P12 M 54 24 149 86 92 65 P
P10 M 52 12 34 88 96 757 P
tDCS Group 2
P9 M 6l 19 196 40 3 0 D
P15 M 73 158 205 71 20 0 D
P17 F 50 72 141 28 36 5 P
P14 M 54 39 190 14 47 3 P
P19 E 58 41 298 8l 59 0 P
P4 F 56 93 150 5 64 757 S
P3 M 52 66 123 66 71 0 P
P20 M 42 13 44 72 75 28 P
P21 F 26 8l 162 79 76 D
) F 33 59 181 95° 90 3 P
Pl B 50 14 59 83 91 25 P
Patient mean (SD) 53 (I1) 59 (39) 163 (99) 6l (28) 57 (30) 16 (25) -
Patient range 26-73 12-158 12-399 5-95 3-96 0-75
tDCS Group | Mean (SD) 55 (9) 59 (36) 168 (121) 66 (25) 57 (31) 20 (27) -
tDCS Group 2 mean (SD) 50 (13) 60 (41) 159 (66) 55 (29) 57 (27) 13 (22) -
Control mean (SD) 53 (12) = = = 100 (1) 93 (1) =
Control range 23-70 - - - 98-100 50-100 -

Type of central alexia (CA) diagnosed is also presented: phonological alexia (P), deep alexia (D) or surface alexia (S).

*CAT naming aphasia cut-off <91.6%.

“Denotes patient scores that were not significantly impaired relative to the control data or CAT naming cut-offs.

Lists B and C closely matched for letter length, syllable length,
written frequency and imageability. Additionally, the 50 high-
est frequency words (mostly function words) were selected as a
separate list of ‘core’ words.

All 590 words were tested at baseline (split across T1 and
T2 sessions). Results from this full corpus of testing items were
used to establish the participants’ profiles of reading impair-
ment (Supplementary Table 2). Based on each participant’s
baseline performance, a customized set of 150 matched
words from each of the A, B and C lists were selected to use
in training and subsequent assessments. This ensured the A, B
and C lists selected for that patient were matched for baseline
reading performance (word reading accuracy and reaction
time). Furthermore, the lists remained matched for psycholin-
guistic variables. The A, B and C word lists were assigned to
be either trained in Block 1, trained in Block 2 or not to be
trained (untrained words). List allocations were counterba-
lanced between participants. All 50 core words were trained
in both Block 1 and Block 2 because of their high utility.

From the customized 150-item A, B and C word lists, a
subset of 90 items from each list were selected for use in all

subsequent assessment time points (T3-T6). These 90-item
testing lists were matched for baseline performance and psy-
cholinguistic variables. Importantly, the overall accuracy of the
word lists selected for testing was matched to baseline reading
accuracy to avoid the risk of regression to the mean at future
time points. A subset of 30 core words were tested at T3-T6.
Hence, 300 words were tested at T3-T6 sessions. Results from
this subset of testing items was used to report the change in
reading performance from T1 to Té6 (Fig. 4).

iReadMore training

Training was delivered using iReadMore on a tablet computer,
which automatically recorded training duration.

The software cycled through ‘exposure’ and ‘challenge’
phases. During exposure phases, participants passively
viewed 10 trials wherein a picture, symbol or visual mnemonic
representing the target word was presented, followed by sim-
ultaneous presentations of the written and spoken word-forms.
Written word duration initially matched the patient’s baseline
word reading speed, then adapted according to performance in
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Assessed for eligibility (n = 99)
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+ Declined to participate (n = 40)
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A 4

—
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! |

A

Follow-Up ] v

J

Lost to follow-up (n = 0)

Discontinued intervention after T4 (no longer
wished to participate) (n = 1)

Lost to follow-up (n = 0)

Discontinued intervention after T4 (moved
house) (n = 1)

[ Analysis ] l

J

Analysed (n = 10)
+ Excluded from analysis (n = 0)

Analysed (n = 11)
+ Excluded from analysis (n = 0)

Figure 2 Consolidated Standards of Reporting Trials (CONSORT) flow diagram.

the subsequent challenge phase. Stimuli recordings from a
female or a male speaker were randomly selected for each trial.

Challenge phases comprised up to 30 trials. In each trial, a
spoken word from the preceding exposure phase was pre-
sented with a written word. In half the trials the written and
spoken stimuli were the same word, and in half they were
different. Participants made a same/different response via
button press and received immediate feedback. Two points
were awarded for a fast correct response; 1 point for a slow
correct response; and —1 for an incorrect response. If the par-
ticipant reached the criterion score within 30 trials, they
passed that level and task difficulty increased in the next ex-
posure phase.

Task difficulty was reflected in three adaptive parameters: (i)
written word duration in exposure and challenge phases; (ii)
criterion score in the challenge phase; and (iii) criterion dur-
ation for fast/slow correct responses in the challenge phase. All
three parameters increased incrementally when the participant
passed a level. If the participant failed three successive levels,
the parameters reverted back by one increment.

Same/different task difficulty was adapted independently on
a word-by-word basis. Each target word (e.g. ‘hand’) was
paired with easy, medium or hard distractors varying in the

number of letters shared with the target word (e.g. ‘heap’,
‘hood’, or ‘hard’). All distractors shared the same length and
first letter with the target word. The distractor selected for
each trial started at the easy level and increased or decreased
according to response accuracy.

Further details on the iReadMore training procedure are
available in the Supplementary material.

Transcranial direct current
stimulation

Stimulation was delivered concurrently with iReadMore for
the first 20min of each face-to-face session using a
NeuroConn battery powered constant current stimulator
(http://www.neuroconn.de/dc-stimulator_plus_en/).

Two 35 cm? rubber electrodes in saline soaked sponges were
secured with elastic straps and self-adhesive bandages. The
anode was positioned over left frontal cortex (10-10 position
FC5) and the cathode over right supraorbital region.

Stimulation duration and intensity complied with current
safety recommendations (Fregni et al, 2015). Anodal tDCS
used 15s fade-in, 20 min continuous stimulation at 2 mA,
and 15s fade-out. The active sham stimulation used 15s
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fade-in, 30s 2 mA direct current, 15s fade-out and 20 min
without any stimulation, but with continuous impedance con-
trol. This does not affect neural functions, but assures effective
blinding of participants due to the initial tingling sensation on
the scalp (Gandiga et al., 2006).

Before and after tDCS participants rated how comfortable
they felt from 1 (very uncomfortable) to 10 (very comfortable).
Patients were asked to report any adverse events experienced
during or between stimulation sessions.

Baseline behavioural assessment

At baseline (T1-T2 testing sessions), patients were tested
with custom-made word reading and pseudoword reading
tests, and the picture naming test from the CAT. Controls
provided normative word and pseudoword reading data, but
control naming data were not acquired as published norms
are available. Each patient’s scores were compared to control
data using the Crawford Singlims program (http://home-
pages.abdn.ac.uk/j.crawford/pages/dept/psychom.htm#conflims;
Crawford and Garthwaite, 2002) to establish the profile of
impairment.

Baseline word reading ability was assessed in patients using
the full corpus of 590 words (540 A/B/C words plus 50 core
words) tested over T1 and T2 baseline testing sessions. Words
were presented in a random order and split into six separated
blocks, three at each testing session. Controls were assessed on
a representative sample of 127 words tested in one block.

Words were presented for up to 4s in black, lowercase, size
36pt Arial font on a grey background using E-prime
(Schneider et al., 2012). Participants were instructed to read
the words aloud into a voice-key microphone as quickly and
accurately as they could. Accuracy was recorded online by
experimenter button press. One point was awarded for correct
responses; 0.5 for self-corrections; and 0 for incorrect re-
sponses. Reading reaction time was recorded by the voice
key. Reaction times were excluded for incorrect or self-cor-
rected trials, voice-key failure and trial with reaction time
>2 standard deviations (SD) from the mean. Patients were
classified into alexia subtypes (phonological, deep or surface
alexia) based on their word reading errors and any imageabil-
ity, regularity and lexicality effects shown in their accuracy
data from the baseline word reading and pseudoword reading
assessments. For more details, see Supplementary Table 2.

Pseudoword reading ability was assessed in patients and
controls using 20 pseudowords, three to six letters in length,
with plausible letter combinations generated using Wuggy soft-
ware (Keuleers and Brysbaert, 2010). Pseudowords were pre-
sented and scored in the same manner as real words but
without the four seconds timeout.

Interval behavioural assessments

Outcome measures were assessed once at baseline (T1 or T2)
and at every subsequent time point (T3-T6).

Primary outcome: Word Reading Test

The primary outcome measures were word reading accuracy
and reaction time (calculated using correct trials only, and
excluding trials where the reaction time was >2 SD from
the subject’s mean). After baseline, a personalized subset of
90 words from each word list (A-C) and 30 items from the

Z. V. ). Woodhead et al.

core word list were selected for each participant and tested at
all subsequent time points. A—C items were matched for base-
line reading performance. Words were presented in a rando-
mized order across three runs.

Secondary outcomes

Written semantic matching

This task assessed silent reading for meaning. In each trial
(presented in E-Prime), participants silently read three words:
a probe word at the top of the screen, a semantically-related
target and an unrelated distractor below. Participants were
instructed to identify the target as quickly as possible by
button press. Percentage accuracy and mean reaction time
(for correct trials only, excluding trials where reaction time
>2 SD from the mean) were calculated.

The three words for each trial were drawn from the same
word list (A, B or C). Twenty-four trials for each list were
presented in a randomized order. The stimuli for each list
were matched for number of letters, frequency, imageability
and regularity.

Sentence reading

This task assessed silent sentence reading. In each trial (pre-
sented in E-prime), participants silently read a sentence of five
to eight words as quickly as possible, then pressed a button
when finished. This response was used to calculate reading
speed in words per minute (excluding trials with reaction
time >2 SD from the mean). Next, a picture was displayed
and the participant responded verbally whether the picture was
congruent with the sentence or not. Percentage accuracy on the
picture verification task was calculated.

Ten sentences for each word list were created, each containing
between two to four words from the list. For example, the
sentence ‘He sold the broken camera’ contained the words
‘sold’, ‘broken’ and ‘camera’ from List A. The sentences from
each word list were matched for sentence structure, number of
trained words, total number of words, and summed word ima-
geability, regularity, frequency and letter length.

Text reading

Text reading was assessed using passages one and two from
the Neale Analysis of Reading Ability (Neale, 1999). The two
forms of the test were counterbalanced across participants and
between time points. Reading accuracy was recorded for each
word. If a participant could not read a word within 4s, the
experimenter supplied the word and it was scored as incorrect.
Outcome measures were percentage of words read correctly
(accuracy), reading speed in words per minute and total
score on the subsequent comprehension questions.

Sustained Attention to Response Task

A non-verbal version of the Sustained Attention to Response
Task (SART) (Robertson et al., 1997) assessed domain-general
changes resulting from iReadMore or tDCS. The Go/No-Go
task contained pictures of two different people, one of which
was revealed in each trial. Participants were instructed to press
a button whenever one identified person appeared (Go trial),
but withhold their response for the other (No-Go trial). One
hundred and ninety-two Go trials and 24 No-Go trials were
presented in a pseudorandomized order. Outcome measures
were the number of false negative and false positive responses
and the mean reaction times on correct Go trials.
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Self-report measures

The reading subtest of the Communication Disability Profile
(CDP) (Swinburn and Byng, 2006) was administered at T3 and
TS5 to investigate change in the participants’ self-reported read-
ing ability. Using a scale from bad (0) to good (4) they rated
their silent reading ability over the past week at the level of:
single words; sentences; texts; and written correspondence, i.e.
letters. The outcome measure was their total score out of 16.

Upon completion of the therapy (T3), participants completed
an exit questionnaire where they judged whether their word
reading had improved (No / A little / A lot); whether they
wished to continue using iReadMore; and whether they had
noticed any difference in stimulation effects in Blocks 1 and 2.

Planned analyses

Planned analyses were conducted as stated in the clinical trials
registration (www.clinicaltrials.gov, NCT02062619).

For each outcome measure, an ‘Omnibus’ analysis was
applied to investigate overall changes in performance across
all time-points. A more focused ‘Therapy’ analysis investigated
immediate therapy effects of iReadMore and anodal tDCS in
Blocks 1 and 2.

Where multiple variables were produced from a single test
(e.g. accuracy and reaction time measures from the Word
Reading Test), the Omnibus analysis used a multivariate
ANOVA (MANOVA). If not, a univariate ANOVA was used.

The Omnibus (M)ANOVA had the following factors:
within-subjects effect of time point (Baseline, T3, T4, TS and
T6); within-subjects effect of word list (where appropriate:
Trained in Block 1, Trained in Block 2 and Untrained); and
between-subjects effect of tDCS Group [Group 1 (anodal tDCS
in Block 1), Group 2 (anodal tDCS in Block 2)].

The Therapy analysis used a repeated-measures ANOVA
with factors: within-subjects effect of Block [change in Block
1 (T3-T4), change in Block 2 (T4-T5). Change was simply
calculated as the difference from one time point to the other];
within-subjects effect of word list; between-subjects effect of
tDCS Group

For the CDP (administered at T3 and TS5), scores were com-
pared using Wilcoxon Signed Rank tests.

Cohen’s d effect sizes were calculated for changes in the
primary outcome measure, word reading accuracy and reac-
tion time.

Exploratory analyses

Post hoc exploratory analyses were conducted to explore add-
itional aspects of the results.

We tested whether changes in word reading ability during
Blocks 1 and 2 were larger than the test-retest effects between
baseline and T3. This was done using paired #-tests comparing
change in trained word reading accuracy and reaction time
over Blocks 1 and 2 to changes in the same measures between
baseline and T3.

Maintenance of therapy effects on word reading ability were
assessed with paired #-tests comparing scores immediately
before treatment (T3) to the follow-up testing session at Té6.

We tested whether word imageability or regularity influ-
enced the efficacy of reading therapy. To do this, the full
word corpus (180 words in three different lists) was ranked
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in order of imageability. Words in the lowest 40th percentile
were labelled as low imageability; words in the highest 60th
percentile were labelled as high imageability. For the regularity
analysis, words were classified as either regular or irregular.
We then calculated each subject’s improvements in trained
word reading over Blocks 1 and 2 for words with high/low
imageability, and for regular/irregular words. The results were
then averaged over the two blocks. Finally, four paired #-tests
were computed, testing the effect of word imageability and
regularity on change in trained word reading accuracy and
reaction time.

Results

Lesion overlay mapping

The lesion overlay map (Fig. 3) showed group damage
throughout left perisylvian middle cerebral artery territory.
All patients had some anatomically spared tissue in LIFG.
Adjacent pars opercularis and/or premotor cortex were
damaged in 14 patients.

Baseline reading and naming
impairments

The results of the baseline word reading, pseudoword read-
ing and CAT naming tests are presented in Table 1.
Crawford’s test showed that all patients were significantly
impaired on word reading accuracy, and all except Patient
P20 were significantly impaired on word reading reaction
time. All participants except Patients P04 and P10 showed
significantly impaired pseudoword reading accuracy.
Finally, all patients except Patients P5 and P6 showed
CAT naming abilities below the aphasia cut-off criterion.

iReadMore training dose

On average, patients completed 34.6 h of iReadMore train-
ing in Block 1 (range: 29.9-37.4) and 35.2h in Block 2
(range: 30.0-41.4). At the within-subjects level there was
little change in dose for Blocks 1 and 2; the difference was
80 min on average and the maximum difference was 6h
16 min (Patient P4). A repeated-measures ANOVA on
iReadMore dose showed no significant effects of Block,
tDCS Group or Interaction (P > 0.1 in all cases).

Information on participant performance on the same/dif-
ferent challenge phase task is available in the
Supplementary material.

Transcranial direct current stimula-
tion adverse events

Patients reported only mild adverse events, including fa-
tigue, headaches and skin irritation. No adverse event
was severe enough to warrant cessation of stimulation.
Adverse event frequency did not differ during anodal
tDCS versus sham [£(20) = 2.3, P =0.82].
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Figure 3 Patient structural MRI images and lesion overlap map. Crosshairs indicate the approximate location of the stimulation site.
Bottom right tiles show the lesion overlay map with voxels where at least two patients had damage. The highest lesion overlap (n = 20) was seen in

two areas: (i) the superior longitudinal fasciculus underlying the supramarginal gyrus; and (ii) the junction of the superior longitudinal, inferior
longitudinal and inferior fronto-occipital fasciculi underlying the posterior superior temporal sulcus.

The effect of stimulation on comfort ratings was calcu-
lated as rating before stimulation minus rating after stimu-
lation, with a maximum possible change of 10. The average
change was small: —0.05 for anodal tDCS (range: —0.8 to
+0.9) and —0.18 for sham (—1.47 to 0.45). There was no
significant difference between anodal tDCS and sham
blocks [£(20) = 1.6, P = 0.12].

In the exit questionnaire 10/21 participants said stimula-
tion felt different in the two blocks. Of those, 6/10 com-
mented on which block contained real tDCS stimulation:
unblinding revealed that 4/6 were correct. All participants
reported that they found tDCS tolerable and would be will-
ing to continue receiving it if it were available in future.

Behavioural effects of therapy

Average outcome measures for both tDCS Groups and re-
sults from the Omnibus and Therapy (M)ANOVAs are re-
ported in Supplementary Table 1.

Primary outcomes

Word reading accuracy

Overall change in word reading accuracy is shown in
Fig. 4A. All word lists showed a test-retest effect between
baseline and T3. Between T3, T4 and T35, therapy effects
specific to trained words were observed. Between TS5 and
the follow-up test at T6 reading ability diminished, but
stayed above baseline levels.

The item-specific therapy effects of iReadMore training
on word reading accuracy were observed in the Therapy
ANOVAs as a significant Block x Word list interaction
(P < 0.0005). Unstandardized and standardized effect
sizes for changes in word reading accuracy are shown in
Table 2. Combining data from both blocks, the average
improvement in trained word reading accuracy was 8.7%
[95% interval (CI) 6.0-11.4; d=1.38].
Exploratory post hoc paired t-tests showed that the im-
provement in trained word reading accuracy (during

confidence
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Figure 4 Therapy effects on word reading ability. Change
over time in (A) mean word reading accuracy (n =21) and

(B) reaction times (n = 20). There were four different word lists:
words trained in Block | (blue), words trained in Block 2 (red),
untrained words (black) and the unmatched list of high-frequency,
low-imageability core words (purple). Error bars indicate within-
subject standard error of the mean (SEM). Training Block | was
administered between T3 and T4; Block 2 was administered be-
tween T4 and T5.

Blocks 1 and 2) was significantly greater than the test-retest
effects observed between Baseline and T3 [Block 1:
#20) = 3.3, P < 0.005; Block 2: #20) = 3.5, P < 0.005].

As shown in Fig. 5, anodal tDCS also had a beneficial
effect on word reading accuracy (Block x tDCS interaction,
P < 0.05), an effect which generalized to untrained words.
Collapsing data from both word lists and blocks, accuracy
improved by 2.6% more during anodal tDCS than sham
(95% CI—0.1 to 5.3; d = 0.41).

Maintenance of the iReadMore training effects were
tested using post hoc paired t-tests to compare accuracy
at T3 (immediately before training) and Té6 (3 months
after training cessation). Accuracy for all trained words
was significantly better at T6 than T3 [Trained in Block
1: #20) = 3.6, P < 0.005; Trained in Block 2: #(20) = 3.9,
P < 0.005]. The improvement in untrained items was not
significant [#20)=1.7, P=0.10]. At T6, accuracy for
trained words was significantly greater than for untrained
words [Trained in Block 1: #(20) = 2.3, P < 0.05; Trained
in Block 2: #20) = 3.3, P < 0.005].
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Maintenance of the tDCS effects were harder to assess
because of the cross-over design, but reading accuracy at
T6 was assessed with an ANOVA with within-subjects
factor word list (Trained in Block 1 versus Trained in
Block 2) and between-subjects factor tDCS Group; if the
facilitatory effects of tDCS had persisted until T6, the inter-
action between word list and group should be significant.
The interaction significant  [F(1,19) = 0.4,
P =0.55].

Exploratory post hoc paired #-tests tested the hypothesis
that the therapy may have been more effective for more

was not

imageable or more regular words. Neither factor had a
significant effect on change in trained word reading accur-
acy [imageability: #20)=1.84, P =0.081; regularity:
#20 =1.18, P = 0.251]; in fact, for imageability, there was
a trend for larger improvements for low imageability words
(mean improvement = 9.76%, SD = 10.85) than high ima-
geability words (mean improvement = 5.07%, SD = 5.90).

At the individual subject level, there was considerable
heterogeneity between participants. Figure 6 shows the
change in word reading accuracy for trained and untrained
words, averaged over both blocks, for each participant.
This represents the average change over the 90 words
trained in Block 1 and the 90 words trained in Block 2,
compared to the change in the 90 untrained words across
the same time-frame. More detailed plots showing the
change over time, for each word list, and for each subject
can be seen in Supplementary Fig. 3. The cause of this
heterogeneity, which has considerable clinical relevance, is
the subject of a parallel analysis currently being prepared
for publication.

Word reading reaction times

Because of Patient P9’s low word reading accuracy, reac-
tion time could not be calculated; hence reaction time data
were available for 20 participants only. Overall change in
word reading reaction time, shown in Fig. 4B, largely mir-
rored that of word reading accuracy: there was no indi-
cation of a speed-accuracy trade-off. A small test-retest
effect was apparent between Baseline and T3. Between
T3, T4 and TS5, improvements were observed that were
strongest for trained words. Between TS5 and the follow-
up test at T6 reading ability diminished, but stayed above
baseline levels.

There was an item-specific therapy effect of iReadMore
training on word reading reaction time, demonstrated by a
significant  Block x Word list (P < 0.05).
Averaging across both blocks, the average unstandardized
effect size of the improvement was 100 ms (95% CI 56 to
145; d = 0.98). Post hoc paired t-tests showed that the im-
provements in trained word reaction time were significantly
greater than the test-retest effects (Baseline to T3) for Block
1 but not for Block 2 [Block 1: #(19) = 2.4, P < 0.05; Block
2: #(19) =12, P=0.3].

The effect of tDCS on word reading reaction time was
not significant.

interaction
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Table 2 Unstandardized effect sizes (with 95% CI) and standardized effect sizes (Cohen’s d) for changes in the

primary word reading outcome measures

Measure Time interval Unstandardized effect size(95% CI) Cohen’s d
Word reading, accuracy %
Trained in Block | T4-T3 9.2 (6.2 to 12.3) 1.29
Untrained T4—-T3 0.7 (—1.3 to 2.7) 0.16
Trained in Block 2 T5 —T4 8.1 (5.3 to 10.9) 1.25
Untrained T5—-T4 1.3 (0.6 to 3.1) 0.29
Trained, both blocks After — Before 8.7 (6.0 to 11.4) 1.38
Word reading, reaction time, ms
Trained in Block | T4'—3 —128 (=53 to —202) 0.75
Untrained T4—-T3 —92 (44 to —228) 0.30
Trained in Block 2 T5 —T4 —73 (—4 to —142) 0.47
Untrained 5 — T4 —4 (117 to —125) 0.0l
Trained, both blocks After — Before —100 (—56 to —145) 0.98
Core word reading, accuracy, % T4—T3 5.7 (1.5 to 9.9) 0.58
TS5 —T4 0.3 (—2.4 to 3.0) 0.04
T5—-T3 6.0 (2.7 to 9.2) 0.78
Core word reading, reaction time, ms T4-T3 —66 (—113 to —245) 0.17
T5—T4 —144 (—6 to —28l) 0.47
T5— T3 —210 (—116 to —304) 1.00

Exploratory paired #-tests of maintenance effects com-
pared word reading reaction time at T3 versus T6, and
demonstrated that improvements in reaction time were
not maintained at the follow-up session [Trained in Block
1: #19)=1.8, P=0.09; Trained in Block 2: #19) = 0.9,
P =0.36]. Similarly, at Té6, there was no significant differ-
ence in reaction time between trained and untrained words
[Trained in Block 1: #19)=—0.4, P=0.67; Trained in
Block 2: Trained in Block 2: #19) = 0.3, P =0.77].

Post hoc paired t-tests showed no significant effects of
word imageability or regularity on improvement in word
reading reaction time after iReadMore training [image-
ability: #(18) = —1.18, P =0.253; regularity: #(18)=0.51,
P =0.62].

Core word reading accuracy

The core word list was analysed separately because it was
trained in both blocks and items were not matched in psy-
cholinguistic properties to the other lists. Core word read-
ing accuracy improved in Block 1, but gains did not
continue in Block 2.

Post hoc contrasts in the univariate Therapy ANOVA
confirmed a significant improvement in accuracy between
T3 and T4 [F(1,16) = 8.8, P < 0.01]. In addition, post hoc
paired subjects #-tests demonstrated that accuracy was
better at TS5 than T3 [#(20) = 3.6, P < 0.005]. The unstan-
dardized effect size for core word reading improvement
between T3 and TS was 6.0% (CI 2.7% to 9.2%), and
the standardized effect size was d =0.78. However, this
change was not significantly larger than the test-retest
effect observed between Baseline and T3 [#(20) = 1.0,
P=03]

There was no significant effect of tDCS for core word
reading accuracy.

Post hoc paired t-tests comparing Core word reading ac-
curacy at T3 versus T6 showed that improvements were
maintained at the follow-up session [#20) = 3.5,
P < 0.005].

Core word reading reaction times
As Patients P9 and P15 had very low core word reading
accuracy, reaction time could only be calculated for 19
participants. In contrast to accuracy, core word reading
reaction time improved marginally in Block 1 and more
substantially in Block 2. Post hoc contrasts in the
Therapy ANOVA confirmed that the change in reaction
time between T4 and T5 was significant [F(1,16) = 4.7,
P < 0.05]. A paired t-test showed that the overall change
between T3 and T5 (mean =210ms; 95% CI 116 to 304;
d=1.00] was significant [¢(18)=3.6, P < 0.005]. This
change was also significantly larger than the test-retest
effect observed between Baseline and T3 [#(17)=2.2,
P < 0.05].

There was no significant effect of tDCS for core word
reading reaction time.

Finally, a paired #-test comparing core word reading re-
action time at T3 versus T6 showed a significant mainten-
ance of therapy effects [£(18) =2.5, P < 0.05].

Secondary outcomes

Written semantic matching

Patients P7 and P9 were unable to complete the written
semantic matching task due to their extremely poor word
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Figure 5 Change in word reading ability after therapy.
Effects of iReadMore and tDCS on change in (A) word reading
accuracy (n = 21) and (B) word reading reaction times (RT) (n = 20).
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SEM.
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reading abilities. Data are reported from the remaining 19
participants.

Accuracy at baseline was high (93% on average), chan-
ged little over time, and was subject to ceiling effects;
hence, only reaction time data were analysed further.
Reaction time decreased linearly with repeated exposures
to the test (main effect of time-point, P < 0.0001). The
Therapy ANOVA showed a trend towards a
Block x Word list interaction driven by greater improve-
ments for trained words (P =0.050). There was also a
Block x tDCS Group interaction (P < 0.05), but it was
driven by greater improvements with sham than with tDCS.

To assess if reading for meaning improved to a greater
extent for those with impairments in the semantic domain
at baseline, changes in reaction time over Block 1 (T4-T3)
and Block 2 were compared to baseline scores on the
Pyramid and Palm Trees Test. This revealed a significant
positive correlation in both Block 1 (r=0.7, P < 0.001)
and Block 2 (r=0.5, P < 0.05).

Sentence reading

Patients P7, P9 and P16 were unable to complete the
Sentence Reading task: data are reported from 18
participants.

Picture verification accuracy at Baseline was high (87%
on average), changed little over time, and was at ceiling in
some participants. Only sentence reading speed in words
per minute (wpm) was analysed further.

Average reading speed did not show a test-retest effect
between Baseline and T3, but improved linearly during
training (T3 to T5) and at the follow-up test (T6). The
Therapy ANOVA showed an interaction between Word
list and tDCS Group (P < 0.05), but this interaction did
not reflect a tDCS advantage: Group 1 participants im-
proved more on words trained in Block 2 whereas Group
2 participants improved more on words trained in Block 1.
As these improvements were consistent across Blocks 1 and
2 they could not be ascribed to tDCS stimulation, but in-
stead reflected a difference between Group 1 and 2
participants.

Text reading

Patient P18 was unable to complete the Text Reading task.
In the remaining 20 participants, there was little change
over time in text reading accuracy, speed or comprehen-
sion. Neither the Omnibus MANOVA nor the Therapy
ANOVAs identified any significant effects or interactions.

Sustained attention to response task

Due to a software malfunction, SART data were unavail-
able for Patient P9 at T5. Results are reported from the
remaining 20 participants.

Small changes were observed between Baseline and Té6:
reaction times increased, false negative responses increased
and false positives decreased, suggesting that participants
responded more cautiously with repeated exposures to the
test. However, the effect of time point was not significant in
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Figure 6 Change in word reading accuracy and self-reported reading by participant. (A) Raw percentage change in word reading
accuracy for trained (black) and untrained (grey) words, averaged over Block | (T4 —T3) and Block 2 (T5 — T4). For trained words, this
represents the average of the change in the 90 words trained in Block | between T3 and T4 and the change in the 90 (different) words trained in
Block 2 between T4 and T5. For untrained words, this represents the change in the 90 untrained words over the same two time-periods.
Participants are ordered according to tDCS group, followed by ascending CAT naming accuracy. (B) The CDP measures self-report ability in silent

word, sentence, text and mail reading. Score for each level is out of 4, giving a total score out of 16. Change in CDP score is the difference
between T5 (after training) minus T3 (before training). Positive scores represent improvements in self-reported reading ability. CDP data were

unavailable for Patient P4.

the Omnibus MANOVA, nor were any significant effects
observed in the Therapy ANOVAs.

Self-report measures
The CDP was completed at T3 and TS5 in 20 of 21 patients:
Patient P4 declined to complete the questionnaire at TS5.
Ten of 20 patients reported improved reading ability (Fig.
6), but a Wilcoxon Signed Rank test showed this change
was not significant (T'=98, P =0.119).

Considering the four reading levels of the CDP separ-
ately, average improvements were largest for words
(+0.43) and sentences (+0.35), but neither of these
changes reached significance (P =0.065 and P =0.115,

respectively).

When asked in the exit questionnaire whether partici-
pants thought their word reading had improved, 11/21 re-
sponded ‘a lot’; 9/21 responded ‘a little’; and only one
responded ‘no’ (Patient P6). Nineteen of 21 participants
said that they would like to continue using iReadMore
(Patient P3 said ‘maybe’ and Patient P21 said ‘no’).

Discussion

This study tested the efficacy of two concurrent therapies
for central alexia: (i) iReadMore, a crossmodal, lexical
word reading therapy; and (ii) anodal tDCS delivered to

LIFG.

iReadMore improved word reading accuracy and reac-
tion time for trained items, and, consistent with previous
lexical therapies (Friedman and Robinson, 1991; Friedman
et al., 2002; Ska et al., 2003; Kurland et al., 2008; Lott
et al., 2008), did not generalize to untrained items. The
unstandardized size of iReadMore’s effect on reading ac-
curacy was 8.7% (95% CI 6.0-11.4) and the standardized
effect size (Cohen’s d) was 1.38 (large). The effect size for
reading reaction time was 100ms (95% CI 56-1435,
d =0.98, large).

Pretreatment reading of the high frequency, low image-
ability ‘core’ words was initially poor, but as a result of
iReadMore training accuracy improved by 6% (95% CI
2.7 t0 9.2, d = 0.78, moderate) and reaction time improved
by 210 ms (95% CI 116-304, d = 1.00, large). The fact that
these core words improved, coupled with the lack of evi-
dence for an influence of word imageability or regularity on
the therapy effects, suggests that the therapy can be effect-
ive for all word types.

Anodal tDCS paired with iReadMore had a small but
significant facilitatory effect on word reading accuracy
(2.6% on average, 95% CI —0.1 to 5.3, Cohen’s
d =0.41), which generalized to untrained words. Anodal
tDCS effects were not observed on word reading reaction
time or on core word reading (accuracy or reaction time).
This may be due to a lack of power to detect this small to
medium effect size on a set of only 50 core words; or it
may be because the same core words were trained twice,
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once with anodal tDCS and once with sham tDCS, mean-
ing that the comparison between real and sham blocks was
confounded by carry over effects from the preceding block.

In real-word terms, two blocks of iReadMore and anodal
tDCS therapy (70 h training and 11 stimulation sessions in
total) on all 350 trained words (two blocks of 150 words
plus 50 core words), patients on average could read 29
more words, with a range based on the 95% ClIs from
19 to 39 words. Patients were also on average 116 ms
faster per trained word (ranging from 65 to 168 ms).

Therapy effects on reading accuracy (but not reaction
time) remained significantly above baseline levels at the
Té6 follow-up session, 3 months after cessation of training.
For core words, both accuracy and reaction time gains
were maintained. However, the diminution of the effect
size at T6 suggests that a maintenance dose of training
may be required to keep up the benefits gained from the
therapy.

The iReadMore therapy was designed to strengthen con-
nections between orthographic (O), phonological (P) and
semantic (S) representations. While improved oral word
reading indicated improved access from orthography to
phonology, improvement on the semantic matching task
would have demonstrated strengthening of connections
with semantic representations. In fact, the effect of
iReadMore on semantic matching was very close to signifi-
cance (P=0.050). This result may have been subject to
ceiling effects, as seven patients were within the control
reaction time range on this task; hence we speculate that
iReadMore may benefit reading for meaning in patients
who have deficits in the semantic domain. This impression
is supported by the positive correlation between greater
semantic impairment (as measured by the Pyramids and
Palm Tree Test at baseline) demonstrated greater improve-
ments in semantic matching reaction time.

Training effects were observed at the word level, and did
not generalize to sentence or text reading. This indicates
that further text training (e.g. Multiple Oral Reading,
Moyer, 1979; or Oral Reading for Language in Aphasia,
Cherney, 2004) or multi-level training (Brown et al., 2015)
may be required to overcome the additional syntactic, se-
mantic or verbal working memory deficits that impede text
reading in central alexia.

The hypothesis that anodal tDCS delivered to LIFG
would facilitate iReadMore training was also borne out.
Compared to sham, anodal tDCS increased gains in reading
accuracy for both trained and untrained words. There are
at least two possible mechanisms of this improvement. The
LIFG and adjacent premotor cortex are known to play an
early, automatic role in phonological processing during
reading (Cornelissen et al., 2009; Wheat et al., 2010;
Woodhead et al., 2014; Hoffman et al., 2015). An effective
connectivity study showed feedback connections from the
LIFG to visual cortex were strengthened by reading training
(Woodhead et al., 2013); hence it is plausible that LIFG
stimulation may enhance feedback and facilitate therapy
effects, either by improving the veracity of the phonological
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representations themselves, or improving mappings be-
tween orthography and phonology via strengthened predic-
tion error. The observation that anodal stimulation
facilitated oral reading accuracy but not written semantic
matching supports the inference that anodal tDCS delivered
to LIFG acted upon phonological rather than semantic
representations.

Alternatively, anodal tDCS may have enhanced the
LIFG’s role in speech production (Hickok and Poeppel,
2007), consistent with anodal tDCS effects observed in
anomic aphasia (Baker et al., 2010; Marangolo et al.,
2011, 2013; Campana et al., 2015). This would explain
the generalization of our anodal tDCS effects to untrained
words, but would predict improved speech output in the
text reading task, which was not observed. An anodal
tDCS induced increase in arousal or attention giving rise
to these results is unlikely as we saw no effect on the pa-
tients’ performance in a test of sustained attention, the
SART. This also suggests that the positive behavioural re-
sults of our study cannot simply be explained by non-spe-
cific excitation of the entire brain.

As an emerging clinical research tool, anodal tDCS has a
number of outstanding questions about its mechanisms of
action and the anatomical specificity of the stimulation ef-
fects (Schlaug et al., 2008; Stagg and Nitsche, 2011; Parkin
et al., 2015; Fertonani and Miniussi, 2017). Finite model-
ling studies have suggested that distant bipole montages,
such as used here, result in a wide spread of stimulation
across the frontal lobe (Datta et al., 2013). Other reports
stress the importance of the interaction between stimulation
and the underlying neural network activity especially for
cognitive/language functions (Fertonani and Miniussi,
2017). In this context the overall effect of tDCS depends
on the excitability of the stimulated brain area, meaning
that even if the spread of electrical current is large, it will
only serve to facilitate functionally engaged brain regions
that are co-activated by the task being performed.

A previous reading training study of alexic patients
showed that therapy strengthened LIFG feedback to
visual cortex (Woodhead er al., 2013). Importantly the
LIFG was anatomically intact for all patients in this
study; hence it is plausible that anodal tDCS delivered to
LIFG may have facilitated iReadMore therapy effects either
by direct enhancement of LIFG activation itself or by
modulation of LIFG connectivity within the patients’ task
engaged residual reading network.

Moreover, we demonstrated for the first time that repeated
anodal tDCS sessions not only resulted in enhanced im-
provement for specifically trained reading materials but
also in enhanced transfer effects to untrained reading mater-
ials. Our findings are thus in line with data from animal
models (Fritsch et al., 2010) healthy individuals (Reis
et al., 2009, 2015) and anomic stroke patients (Vestito
et al., 2014; Meinzer et al., 2016) suggesting that multises-
sion tDCS improves memory consolidation by impacting on
plasticity-related protein synthesis, which is thought to be
enhanced by concurrent application of tDCS during training.
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Magnetoencephalography data were acquired for these
patients during the iReadMore trial, and we will use these
to investigate the neural network changes that supported the
behavioural changes reported here in a future study.

Whilst we set out to test the effects of iReadMore and
anodal tDCS for patients with any type of central alexia, all
but one participant (Patient P4) had phonological or deep
alexia; hence, the applicability of these findings to surface
alexia is limited. However, Patient P4’s results were con-
sistent with the group average, suggesting that the therapy
may benefit phonological and surface alexia alike. A post-
release trial of the iReadMore app (http://www.ucl.ac.uk/
aphasialab/apps/ireadmore.html) will aim to test a larger
sample of patients in order to assess its efficacy for surface,
deep, phonological and also pure alexia. The iReadMore
app is available to the public.

Funding

This trial was supported by the Medical Research Council
(MR/K022563/1). J.C. is supported by a Wellcome Trust
Senior Research Fellowship in Clinical Science (106161/Z/
14/27).

Supplementary material

Supplementary material is available at Brain online.

References

Adair JC, Nadeau SE, Conway TW, Gonzalez-Rothi L], Heilman PC,
Green IA, et al. Alterations in the functional anatomy of reading
induced by rehabilitation of an alexic patient. Neuropsychiatry
Neuropsychol Behav Neurol 20005 13: 303-11.

Baker JM, Rorden C, Fridriksson J. Using transcranial direct-current stimu-
lation to treat stroke patients with aphasia. Stroke 2010; 41: 1229-36.

Brookshire CE, Conway T, Pompon RH, Oelke M, Kendall DL.
Effects of intensive phonomotor treatment on reading in eight indi-
viduals with aphasia and phonological alexia. Am J Speech Lang
Pathol 2014a; 23(Suppl): S300-11.

Brookshire CE, Wilson JP, Nadeau SE, Gonzalez Rothi L], Kendall DL.
Frequency, nature, and predictors of alexia in a convenience sample of
individuals with chronic aphasia. Aphasiology 2014b; 28: 1464-80.

Brown J, Hux K, Fairbanks S. Reading recovery: a case study using a
multicomponent treatment for acquired alexia. Aphasiology 2015;
30: 23-44.

Brysbaert M, New B. Moving beyond Kucera and Francis: a critical
evaluation of current word frequency norms and the introduction of
a new and improved word frequency measure for American English.
Behav Res Methods 2009; 41: 977-90.

Callaghan MF, Josephs O, Herbst M, Zaitsev M, Todd N, Weiskopf
N. An evaluation of prospective motion correction for high reso-
lution quantitative MRI. Front Neurosci 2015; 9: 97.

Campana S, Caltagirone C, Marangolo P. Combining voxel-based
lesion symptom mapping (VLSM) with A-tDCS language treatment:
predicting outcome of recovery in nonfluent chronic aphasia. Brain
Stimul 2015; 8: 769-76.

Cherney LR. Aphasia, alexia, and oral reading. Top Stroke Rehabil
2004; 11: 22-36.

Z. V. ). Woodhead et al.

Coltheart M. Acquired dyslexias and the computational modelling of
reading. Cogn Neuropsychol 2006; 23: 96-109.

Coltheart M, Rastle K, Perry C, Langdon R, Ziegler J. DRC: a dual
route cascaded model of visual word recognition and reading aloud.
Psychol Rev 2001; 108: 204-56.

Conway T, Heilman P, Rothi L, Alexander AW, Adair J, Crosson BA,
et al. Treatment of a case of phonological alexia with agraphia using
the Auditory Discrimination in Depth (ADD) program. J Int
Neuropsychol Soc 1998; 4: 608-20.

Cornelissen PL, Kringelbach ML, Ellis AW, Whitney C, Holliday IE,
Hansen PC. Activation of the left ineferior frontal gyrus in the first
200 ms of reading: evidence from magnetoencephalography (MEG).
PLoS One 2009; 4: €5359.

Crawford JR, Garthwaite PH. Investigation of the single case in neuro-
psychology: confidence limits on the abnormality of test scores and
test score differences. Neuropsychologia 2002; 40: 1196-208.

Crisp J, Howard D, Lambon Ralph MA. More evidence for a con-
tinuum between phonological and deep dyslexia: novel data from
three measures of direct orthography-to-phonology translation.
Aphasiology 2011; 25: 615-41.

Crisp J, Lambon Ralph MA. Unlocking the nature of the phono-
logical? Deep dyslexia continuum: the keys to reading aloud are in
phonology and semantics. ] Cogn Neurosci 2006; 18: 348-62.

Datta A, Zhou X, Su Y, Parra LC, Bikson M. Validation of finite
element model of transcranial electrical stimulation using scalp poten-
tials: implications for clinical dose. ] Neural Eng 2013; 10: 036018.

De Partz MP. Re-education of a deep dyslexic patient: rationale of the
method and results. Cogn Neuropsychol 1986; 3: 149-77.

Ellis A, Young A. Human cognitive neuropsychology: a textbook with
readings. Hove: Psychology Press; 1988.

Fertonani A, Miniussi C. Transcranial electrical stimulation: what we
know and do not know about mechanisms. Neuroscientist 2017; 23:
109-23.

Fregni F, Nitsche MA, Loo CK, Brunoni AR, Marangolo P, Leite ],
et al. Regulatory considerations for the clinical and research use of
transcranial direct current stimulation (tDCS): review and recom-
mendations from an expert panel. Clin Res Regul Aff 2015; 32:
22-35

Friedman RB, Lott SN. Successful blending in a phonological reading
treatment for deep alexia. Aphasiology 2002; 16: 355-72.

Friedman RB, Robinson SR. Whole-word training therapy in a stable
surface alexic patient: it works. Aphasiology 1991; 5: 521-8.

Friedman RB, Sample DM, Lott SN. The role of level of representation
in the use of paired associate learning for rehabilitation of alexia.
Neuropsychologia 2002; 40: 223-34.

Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG,
et al. Direct current stimulation promotes BDNF-dependent synaptic
plasticity: potential implications for motor learning. Neuron 2010;
66: 198-204.

Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation
(tDCS): a tool for double-blind sham-controlled clinical studies in
brain stimulation. Clin Neurophysiol 2006; 117: 845-50.

Hickok G, Poeppel D. The cortical organization of speech processing.
Nat Rev Neurosci 2007; 8: 393-402.

Hoffman P, Lambon Ralph MA, Woollams AM. Triangulation of the
neurocomputational architecture underpinning reading aloud. Proc
Natl Acad Sci USA 2015; 112: E3719-28.

Kendall DL, Conway T, Rosenbek J, Gonzalez-Rothi L. Case study
phonological  rehabilitation of acquired phonologic
Aphasiology 2003; 17: 1073-95.

Kendall, DL, McNeil MR, Small SL. Rule-based treatment for
acquired phonological dyslexia. Aphasiology 1998; 12: 587-600.
Keuleers E, Brysbaert M. Wuggy: a multilingual pseudoword gener-

ator. Behav Res Methods 2010; 42: 627-33.

Kim M, Beaudoin-Parsons D. Training phonological reading in deep
alexia: does it improve reading words with low imageability? Clin
Linguist Phon 2007; 21: 321-51.

alexia.

Downl oaded from https://academni c. oup. conl brai n/ advance-articl e-abstract/doi/10. 1093/ br ai n/ awy138/ 5035882
by University Col |l ege London user
on 20 June 2018


http://www.ucl.ac.uk/aphasialab/apps/ireadmore.html
http://www.ucl.ac.uk/aphasialab/apps/ireadmore.html
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awy138#supplementary-data

Word reading training for central alexia

Kiran S, Thompson C, Hashimoto N. Training grapheme to phoneme
conversion in patients with oral reading and naming deficits: a
model-based approach. Aphasiology 2001; 15: 855-76.

Kurland J, Cortes CR, Wilke M, Sperling AJ, Lott SN, Tagamets MA,
et al. Neural mechanisms underlying learning following semantic
mediation treatment in a case of phonologic alexia. Brain Imaging
Behav 2008; 2: 147-62.

Lacey EH, Jiang X, Friedman RB, Snider SF, Parra LC, Huang Y.
Transcranial direct current stimulation for pure alexia: effects on
brain and behavior. Brain Stimul 2015; 8: 305-9.

Leff AP, Behrmann M. Treatment of reading impairment after stroke.
Neurology 2008; 21: 644-8.

Lott SN, Sample DM, Oliver RT, Lacey EH, Friedman RB. A patient
with phonologic alexia can learn to read “much” from “mud pies”.
Neuropsychologia 2008; 46: 2515-23.

Marangolo P, Fiori V, Calpagnano MA, Campana S, Razzano C,
Caltagirone C, et al. tDCS over the left inferior frontal cortex im-
proves speech production in aphasia. Front Hum Neurosci 2013; 7:
539.

Marangolo P, Marinelli CV, Bonifazi S, Fiori V, Ceravolo MG,
Provinciali L, et al. Electrical stimulation over the left inferior frontal
gyrus (IFG) determines long-term effects in the recovery of speech
apraxia in three chronic aphasics. Behav Brain Res 20115 225: 498—
504.

Meinzer M, Darkow R, Lindenberg R, Floel A. Electrical stimulation
of the motor cortex enhances treatment outcome in post-stroke
aphasia. Brain 2016; 139: 1152-63.

Mitchum C, Berndt R. Diagnosis and treatment of the non-lexical
route in acquired dyslexia: an illustration of the cognitive neuropsy-
chological approach. J Neurolinguistics 1991; 6: 103-37.

Moyer SB. Rehabilitation of alexia: a case study. Cortex 1979; 15:
139-44.

Neale MD. The Neale analysis of reading ability. Melbourne,
Australia: ACER; 1999.

Nickels L. The autocue? Self-generated phonemic cues in the treatment
of a disorder of reading and naming. Cogn Neuropsychol 1992; 9:
155-82.

Parkin BL, Ekhtiari H, Walsh VF. Non-invasive human brain stimu-
lation in cognitive neuroscience: a primer. Neuron 2015; 87:
932-45.

Patterson K, Lambon Ralph MA. Selective disorders of reading? Curr
Opin Neurobiol 1999; 9: 235-9.

Plaut DC, McClelland JL, Seidenberg MS, Patterson K. Understanding
normal and impaired word reading: computational principles in
quasi-regular domains. Psychol Rev 1996; 103: 56-115.

Reis ], Fischer JT, Prichard G, Weiller C, Cohen LG, Fritsch B. Time-
but not sleep-dependent consolidation of tDCS-enhanced visuo-
motor skills. Cereb Cortex 2015; 25: 109-17.

Reis J, Schambra HM, Cohen LG, Buch ER, Fritsch B, Zarahn E, et al.
Noninvasive cortical stimulation enhances motor skill acquisition
over multiple days through an effect on consolidation. Proc Natl
Acad Sci USA 2009; 106: 1590-5.

Riley EA, Thompson CK. Training pseudoword reading in acquired
dyslexia: a phonological complexity approach. Aphasiology 2014;
29: 129-50.

BRAIN 2018: 0; I-15 | 15

Robertson IH, Manly T, Andrade ], Baddeley BT, Yiend J. ‘Oops!
performance correlates of everyday attentional failures in traumatic
brain injured and normal subjects. Neuropsychologia 1997; 35:
747-58.

Schlaug G, Renga V, Nair D. Transcranial direct current stimulation in
stroke recovery. Arch Neurol 2008; 65: 1571-6.

Schneider W, Eschman A, Zuccolotto A. E-prime reference guide.
Pittsburgh: Psychology Software Tools Inc; 2012.

Seghier ML, Patel E, Prejawa S, Ramsden S, Selmer A, Lim L, et al.
The PLORAS database: a data repository for predicting language
outcome and recovery after stroke. Neuroimage 2016; 124:
1208-12.

Seghier ML, Ramlackhansingh A, Crinion J, Leff AP, Price CJ. Lesion
identification using unified segmentation-normalisation models and
fuzzy clustering. Neuroimage 2008; 41: 1253-66.

Ska B, Garneau-Beaumont D, Chesneau S, Damien B. Diagnosis and
rehabilitation attempt of a patient with acquired deep dyslexia.
Brain Cogn 2003; 53: 359-63.

Stadie N, Rilling E. Evaluation of lexically and nonlexically based
reading treatment in a deep dyslexic. Cogn Neuropsychol 2006;
23: 643-72.

Stagg CJ, Nitsche MA. Physiological basis of transcranial direct cur-
rent stimulation. Neuroscientist 2011; 17: 37-53.

Swinburn K, Byng S. The communication disability profile. London:
Connect Press; 2006.

Swinburn K, Porter G, Howard D. The comprehensive aphasia test.
Hove: Psychology Press; 2005.

Tsapkini K, Frangakis C, Gomez Y, Davis C, Hillis AE. Augmentation
of spelling therapy with transcranial direct current stimulation in
primary progressive aphasia: preliminary results and challenges.
Aphasiology 2014; 28: 1112-30.

Vestito L, Rosellini S, Mantero M, Bandini F. Long-term effects of
transcranial direct-current stimulation in chronic post-stroke apha-
sia: a Pilot Study. Front Hum Neurosci 2014; 8: 785.

Warrington EK, Shallice T. Word-form dyslexia. Brain 1980; 100: 99—
112.

Wheat KL, Cornelissen P, Frost SJ, Hansen P. During visual word
recognition, phonology is accessed within 100ms and may be
mediated by a speech production code: evidence from magnetoence-
phalography. J Neurosci 2010; 30: 5229-33.

Whitworth A, Webster J, Howard D. A cognitive neuropsychological
approach to assessment and intervention in aphasia: a clinician’s
guide. 2nd edn. Hove: Psychology Press; 2014.

Woodhead ZV], Barnes GR, Penny W, Moran R, Teki S, Price C]J,
et al. Reading front to back: MEG evidence for early feedback ef-
fects during word recognition. Cereb Cortex 2014; 24: 817-25.

Woodhead ZV], Penny W, Barnes GR, Crewes H, Wise R], Price CJ,
et al. Reading therapy strengthens top-down connectivity in patients
with pure alexia. Brain 2013; 136: 2579-91.

Woollams AM, Lambon Ralph MA, Plaut DC, Patterson K. SD-
squared: on the association between semantic dementia and surface
dyslexia. Psychol Rev 2007; 114: 316-39.

Yampolsky S, Waters G. Treatment of single word oral reading in an
individual with deep dyslexia. Aphasiology 2002; 16: 455-71.

Downl oaded from https://academni c. oup. conl brai n/ advance-articl e-abstract/doi/10. 1093/ br ai n/ awy138/ 5035882
by University Col |l ege London user

on 20 June 2018



