Engaging in word recognition elicits highly specific
modulations in visual cortex

Alex L. White"", Kendrick Kay?, Kenny Tang?, and Jason D. Yeatman?;

'Department of Neuroscience & Behavior, Barnard College, Columbia University. 76
Claremont Ave, New York, NY 10027,

?Center for Magnetic Resonance Research, Department of Radiology, University of
Minnesota, 2021 6th Street SE, Minneapolis, MN 55455

3Graduate School of Education, and Department of Psychology, Stanford University.
Division of Developmental-Behavioral Pediatrics, Stanford University School of
Medicine. 520 Galvez Mall, Stanford CA 94305.

*Lead contact: Alex L. White, alwhite@barnard.edu




SUMMARY

A person’s cognitive state determines how their brain responds to visual stimuli. The
most common such effect is a response enhancement when stimuli are task-relevant and
attended rather than ignored. In this fMRI study, we report a surprising twist on such
attention effects in the visual word form area (VWFA), a region that plays a key role in
reading. We presented participants with strings of letters and visually similar shapes
which were either relevant for a specific task (lexical decision or gap localization) or
ignored (during a fixation dot color task). In the VWFA, the enhancement of responses
to attended stimuli occurred only for letter strings, whereas the shapes evoked smaller
responses when attended than when ignored. The enhancement of VWFA activity was
accompanied by strengthened functional connectivity with higher-level language
regions. These task-dependent modulations of response magnitude and functional
connectivity were specific to the VWFA and absent in the rest of visual cortex. We
suggest that language regions send targeted excitatory feedback into the VWFA only
when the observer is trying to read. This feedback enables the discrimination of familiar
and nonsense words, and is distinct from generic effects of visual attention.

Key Words: reading; visual word recognition; visual word form area; visual attention;
ventral temporal cortex.



INTRODUCTION

Visual cortex is capable of processing a wide variety of stimuli for any number of
behavioral tasks. This raises a question: how exactly does the specific information
required at any given moment get selected and used to execute a task? One key finding
is that visual cortex does not perform a static stimulus-response mapping. Rather, the
organism’s goals influence ongoing activity % The most prominent forms of top-down
influence relate to attention: stimuli that are relevant to the current task evoke stronger
responses than stimuli that are irrelevant, due to selection on the basis of visual field
location or non-spatial features 3. However, we hypothesize that the brain performs
more than simple amplification of relevant stimuli, because different tasks require

particular visual information to be routed to different brain networks.

The focus of this study is word recognition, an important visual task that engages a
specific network beyond visual cortex *7. The “visual word form area” (VWFA) in left
ventral occipito-temporal cortex is key to the transformation of retinal input into lexical
information that is conveyed to language regions during reading ®''. Neighboring

regions are specialized for recognizing faces, bodies, objects and scenes 2.

There are two ways of conceptualizing the VWFA, which are not mutually exclusive:

first, it could essentially be a visual area, with intrinsic selectivity for certain stimulus
features in certain parts of visual space. Second, the VWFA could be unique due to its
connection to the brain’s language network, which regulates its activity and infuses it

with lexical information via top-down signals.

Some evidence favors the first view. Although the VFWA responds most strongly to
strings of letters, it does respond in a graded fashion to other categories of images '>-°.
Importantly, the VWFA has several subregions that increase in selectivity along the
posterior-to-anterior axis 161, It is also sensitive to the visual field position %,
responding most strongly to words in the fovea and right parafovea #22. Lastly, there
are spatial attention effects in the VWFA similar to those elsewhere in visual cortex 3
words evoke stronger responses when they are at an attended location than an ignored

location 418,

The VWFA'’s function extends beyond the purely visual, however. Some authors argue
that it represents whole words as distinct identities 2-%. It also responds differentially to
frequent words, infrequent words, and novel pseudowords 2. The VWFA'’s sensitivity

to such higher-level linguistic features can be modulated by the participant’s task 11527,
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Moreover, Braille reading % and certain auditory judgments 3% have been reported to
activate the VWFA without visual stimulation. (Note that some similar cognitive effects

also occur in other category-selective visual areas 3%.)

Altogether, these extra-visual and cognitive effects have led some researchers to the
second view: that the VWFA plays a special role in reading only as a result of feedback
from the language network ¥. Indeed, the VWFA has white matter connections to
spoken language regions, as well as regions associated with attentional control 341,
There is also strong resting state functional connectivity between the VWFA and those
regions 3424 (see also *°). However, the effects of such connectivity on the VWFA’s
activity remain unspecified, and connectivity has not been linked to task effects on

stimulus-driven responses.

The goal of this study is to clarify the functional properties of the VWFA by measuring
its stimulus selectivity and functional connectivity under varying task demands. We
asked: what is the precise nature of the interaction between bottom-up stimulus
features and top-down modulation? Does “visual attention” boost any task-relevant
sensory signal in the VWFA, or are top-down enhancements contingent on engagement
in a linguistic task? Do task effects in the VWFA differ from those in other visual areas?
To answer these questions, we recorded fMRI activity while participants viewed words
and non-letter shapes and performed three different tasks in which those stimuli were

either relevant and attended or irrelevant and ignored.

On each trial, one stimulus appeared at a random position along the horizontal
meridian (Figure 1A). Each stimulus was either a string of four letters (forming either a
real word or a pronounceable pseudoword), or a string of four squares and circles

matched in size to the letters (polygons are a good stimulus to drive the VWFA4)

In half the scans, participants attended to the stimuli while maintaining gaze fixation on
a central dot. When they saw letter strings, they performed the lexical decision task: to
report whether the stimulus was a real word or a pseudoword. When they saw shape
strings, they performed the gap localization task: to report whether a gap in one of the
inner two shapes was on the top or bottom side. (In a separate behavioral experiment,
we found that performance in these two tasks varies similarly with stimulus
eccentricity. Therefore, they are well matched in many visual properties). In the other

half of scans, participants ignored the letters and shapes and performed the fixation color
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detection task: to report whether or not the fixation dot turned slightly red. The visibility

of the red color was controlled by a staircase to maintain a consistent level of difficulty.

We designed these tasks to strictly control attention. During the fixation task, spatial
attention had to be focused tightly on the fixation dot. The dot changed color
simultaneously with the appearance of the letters or shapes, which lasted for only 150
ms. The participant did not have time to switch attention or make a saccade from the
fixation dot to the stimuli. During both the gap task and the lexical task, the participant
was motivated to widen their spatial attention to perceive a stimulus at any location.
Although the participant had little time to focus attention onto any one stimulus before
it disappeared, they may have been able to prioritize its sensory memory trace, thereby
boosting the subsequent BOLD response. Regardless, the spatial attention manipulation

is matched for the letters and shape stimuli.

In sum, differences in the BOLD response to letter and shape strings during the fixation
task can be primarily attributed to neuronal selectivity for stimulus features. Differences
between the gap and lexical tasks in terms of how the BOLD response is elevated or
suppressed relative to their fixation-task baselines can be attributed to what information
the participant is instructed to judge, and how that judgement matches the function of
each brain region. A generic attentional enhancement, as is common in visual cortex
(including face- and word-selective regions'**), would predict larger responses during

both the lexical and gap tasks compared to the fixation task.

RESULTS

Task performance

In both the gap task and the lexical task, discrimination accuracy (d’; Figure 1B) was
near perfect for stimuli at fixation (0°), but dropped off quickly with increasing
eccentricity, approaching chance (<55% correct) by +92 eccentricity. Averaged across
stimulus positions, the lexical, gap, and fixation tasks were similarly difficult: mean (+
SEM) d’=1.76 £ 0.15, 1.35 £ 0.11, and 1.71 % 0.15, respectively. 4" in the gap task was
slightly lower than in the lexical task (t(14)=2.14, P=0.05, BF=1.53), and than in the
fixation task (t(14)=2.82, P=0.014; BF=4.34). The lexical and fixation tasks did not differ
(t(14)=0.22, P=0.83; BF=0.27). We fit a linear mixed-effect (LME) model to predict d” as a
function of task (lexical vs. gap), absolute eccentricity, and hemifield (left vs. right).
Only the effect of eccentricity was significant (F(1,313)=49.7, P=10"?), and it did not



interact with task (F(1,313)=1.74, P=0.19). For performance separately for real and
pseudowords, see Figure S1.
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Figure 1. Stimuli, behavioral performance, and ROIs. (A) Two example stimuli, with the 11 possible
stimulus locations marked in degrees of visual angle. (B) Mean behavioral accuracy (d’). See also
Figure S1. (C) Examples of the stimulus categories in the localizer scan. Faces of people other than the
three authors, shown here, were actually used. (D) Most likely ROI locations on a ventral view of an
average cortical surface (Freesurfer's “fsaverage”). We first projected individual ROIs onto the
fsaverage surface. For each ROI, the outline shown here is the half-max contour of the count of
participants who had that ROI at each vertex.

A surprising interaction of stimulus and task effects in the left VWFAs

We used independent localizer scans (Figure 1C) to define regions of interest (ROIs) on
each participant’s cortical surfaces (Figure 1D). We focus on two text-selective regions
in left occipito-temporal sulcus, VWFA-1 and VWFA-2 '8, Also of interest are two face-
selective regions, FFA-1 and FFA-2, medial to the text-selective regions in both
hemispheres, as well as posterior retinotopic visual areas (V1-hV4, VO1/2 and LO1/2).
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Figure 2: Mean BOLD responses in two sub-regions of the VWFA. Left column: Responses as a
function of stimulus position, stimulus type, and task (Lex = lexical task; Fix = fixation task). The
smooth lines are asymmetric Gaussian functions fit to each condition. Right column: The same
responses collapsed across stimulus positions. Asterisks indicate the P-value for the task effects (short
bars over each stimulus type), and task-by-stimulus interactions (long bars): *** P<0.001; ** P<0.01.

The mean responses in left VWFA-1 and VWFA-2 are shown in Figure 2: beta weights
from a GLM in units of percent signal change (p.s.c.) relative to fixation on a blank
screen. Both areas had larger responses to letter strings than shape strings (both F>23,
p<10?). They also preferred stimuli in the central visual field *: responses decreased
with absolute eccentricity (both F>16, P<10+). The overall preference for letters did not
vary with eccentricity (VWFA-1: P=0.42, BF=0.012; VWFA-2: P=0.99, BF=0.009). VWFA-1
responded more strongly to stimuli in the right visual field than the left (F(1,584)=13.9,



P=2x10+, BF=782). That hemifield asymmetry was numerically larger for letters than
shapes but did not significantly interact with stimulus type (BF=0.6) or task (BF=0.21).
VWEFA-2 responded equally to stimuli in left and right hemifields (F<1, BF=0.14).

We also found that letter strings evoked much larger VWFA responses during the
lexical decision task (when task-relevant) than during the fixation task (when ignored;
both sub-regions’ P<0.01; BF>14). The ratio of mean lexical task response to mean
fixation task response was 1.67 in VWFA-1 and 1.77 in VWFA-2. The task effect did not
vary with stimulus eccentricity (VWFA-1: P=0.13, BF=0.03; VWFA-2: P=0.49, BF=0.01).

However, the non-letter shape strings evoked smaller responses when they were task-
relevant (during the gap task) than when they were ignored (during the fixation task).
The mean ratio of gap task response to fixation task response was 0.72 in VWFA-1 and
0.18 in VWFA-2. This task-related suppression was statistically reliable in both areas
(Ps<0.01, BFs>15). Importantly, there were also significant interactions between stimulus
type (letters, shapes) and task (“attend-stimuli”, “attend-fixation”). In VWFA-1,
t(14)=9.51, P=2x107; BF=8x10*. In VWFA-2, t(12)=4.05, P=0.002; BF=27.3. For an analysis

of how activity varied across trials within each block, see Supplementary Figure S2.

These curious task effects were largely absent in the other visual ROIs we analyzed.
Figure 3 plots mean responses in other areas, collapsed over stimulus position, and
Table 1 lists the statistics. Supplementary Figure S2A visualizes the task-by-stimulus
interaction on the average cortical surface, showing that it is restricted to the VWFAs.

Supplementary Figure S3 shows data from a third text-selective area, text-mfs.

Responses in retinotopic visual areas (V1-LO) were weak overall, perhaps because of
the brief duration and small size of the stimuli, despite selecting subsets of voxels for
each position. Nonetheless, main effects of task-relevance (stimuli attended>ignored)
emerged in V3, hV4, and VO (only hV4 survived correction for false discovery rate).
This could be an effect of spatial attention generically boosting responses. The only area
with an overall preference for non-letter shapes was LO (P=0.005, BF=26). LO responded
more strongly to shapes during the gap task than during the fixation task (the opposite
of what we observed in the VWFAs).
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Figure 3: Mean BOLD responses, collapsed across stimulus position, in other areas. The top row is
for retinotopic areas, collapsed across left and right hemispheres. Within V1-hV4 we extracted the
response on each trial from vertices that had PRFs centered over that stimulus position (excluding +9°,
which was not localizable). Areas VO and LO were defined from published atlases and responses
were averaged over all vertices within them. Abbreviations and significance stars as in Figure 2.

One face-selective area, left FFA-1, also responded more strongly to letters during the
lexical than the fixation task, but none of the other three face areas showed any task
effects or interactions with stimulus type. All face-selective areas responded more
strongly to letters than shapes (all P<0.001, BF>20), except right FFA-2 (BF=0.26). Right
VWEFA-1 responded most strongly to letters during the lexical task, but the task-by-

stimulus interaction was not significant (Table 1).

Finally, we also defined a putative left frontal Broca’s area (illustrated in Figure 5A) by
contrasting (in the average brain) responses to letters vs. shapes, across tasks and
stimulus positions. This area was at the border of the left ventral precentral sulcus and
inferior frontal sulcus, overlapping Broadman’s Area 44 and the pars opercularis, a
region known to play a role in lexical decision ##. Activity in this Broca’s area showed
the same task-by-stimulus interaction as the VWFAs: much larger response to letters in
the lexical than fixation task, but smaller (even negative) responses to shapes in the gap
than fixation task (bottom right panel of Figure 3). For activity as a function of stimulus

position, see Figure 4 and Supplementary Figure S2D.



Task effect for Letters Task effect for Shapes Interaction (Lex.-Fix.) -
(Lex. - Fix.) (Gap - Fix.) (Gap-Fix.)

ROI Hem | N | Mean (SE) P BF Mean (SE) P BF | Mean (SE) P BF

V1 B | 15| 0.01(0.02) | 090 | 0.3 | -0.01(0.02) | 0-79 | 0.3 | 0.02(0.02) | 0.87 | 0.24

V2 B | 15| 0.02(0.02) | 063 | 04 | 0.02(0.02) | 0-33 | 0.5 | -0.00(0.04) | 0.87 | 0.27

V3 B | 15| 0.03(0.01) | 008 | 15 | 0.03(0.02) | 015 | 1.4 | -0.00(0.02) | 0.87 | 0.23

hv4 B | 15| 0.04(0.01) | 0.06 | 36 | 0.04(0.03) | 0-26 | 0.7 | 0.00(0.03) | 0.87 | 0.24

vo B | 15| 0.02(0.02) | 082 | 0.3 | 0.03(0.01) | 009 | 2.0 | -0.02(0.02) | 0.57 | 0.45

LO B | 15| 0.00(0.01) | 082 | 0.3 | 0.03(0.01) | 0.05| 58 | -0.02(0.01) | 0.34 | 0.61

VWFA-1 L |15 0.16(0.02) | 10* | 10% | -0.04 (0.01) | 0.-01 | 16 | 0.19(0.02) | 10° | 10¢
VWFA-1 | R |11 ]0.08(0.03)|008 | 20 | 0.02(0.02) | 059 | 04 | 0.07(0.05) | 034 0.78
VWFA-2 | L |13 ]0.11(0.03) | 0.01 | 14 | -0.05(0.01) | 10% | 39 | 0.16(0.04) | 102 | 76
text-mfs | L 9 | 0.08(0.02) | 0.01 | 15 | -0.03(0.01) [ 019 | 1.1 | 0.11(0.03) | 0.03 | 99
FFA-1 L | 14| 0.03(0.01) | 10° | 51 | -0.01(0.01) | 0-33 | 0.6 | 0.05(0.02) | 0.04 | 77
FFA-1 R | 15| 0.00(0.01) | 090 | 0.3 | 0.00(0.01) | 0.74 | 0.3 | -0.00 (0.02) | 0-87 | 0.23
FFA-2 L |13 ]0.01(0.02)|082]| 0.3 | -0.00(0.02) | 092 | 03| 0.01(0.03) | 087 | 0.25
FFA-2 R |12 0.00(0.01) | 082 | 0.3 | 0.01(0.02) | 064 | 0.4 | -0.01(0.03) | 0-87 | 0.33
Broca’s | L | 15| 0.08(0.01) | 10° | 380 | -0.04 (0.01) | 102 | 26 | 0.12(0.02) | 10° | 105

Table 1. Statistics on task effects and their interaction with stimulus type on BOLD responses.

Under “Hem”, B = both hemispheres together, L = left, R = right. SE = standard error of the mean, P =

t-test p-value, corrected for false discovery rate across the 15 ROIs; Significant values are in bold.

In summary, the left VWFAs and Broca’s area showed a unique pattern: compared to

when stimuli were ignored during the fixation task, responses to letters were greatly

enhanced during the lexical task, but responses to shapes were suppressed during the
gap task. That interaction is markedly different from the general attentional

amplifications typically observed.

The VWFAs are sensitive to lexicality and more so during the lexical task

The highly specific task effects suggest that, beyond encoding orthographic
information, the VWFAs execute computations that are specifically related to lexical
tasks. To go further, we separately analyzed responses to pseudowords and real words
(Figure 4). The VWFAs are known to respond more strongly to pseudowords, likely
because pseudowords require more time or more effort to process 152265051, Here we
investigated whether the magnitude of that “lexicality effect” differed across tasks and

stimulus positions. Within each hemisphere we pooled data from VWFA-1 and VWFA-
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2 because their lexicality effects did not differ in either task (Ps>0.3, BFs<0.5). The same
was true for the FFAs.
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Figure 4: Lexicality effects. Mean BOLD responses to pseudowords (dark green squares) vs. real
words (light green circles) in five brain areas. “VWFAs” and “FFAs” are the average over the two
subregions of each category-selective area. For each area, the left plot shows data from the lexical
decision task, and the right from the fixation task. Error bars = +/- 1 SEM. The table summarizes LME
models that predict the response as a function of these factors: “Lex”, the main effect of lexicality;
“Lex*Task”, the interaction of lexicality and task, and “Lex*Ecc”, the interaction of lexicality and
absolute stimulus eccentricity. P-values are corrected for false discovery rate: ***P<0.001, **P<0.01,
*P<0.05. One asterisk for left FFAs is in parentheses because the Bayes factor favored the null
hypothesis (BF=0.16).

In the left VWFAs (Fig. 4, upper left) responses were larger for pseudowords than real
words (F(1,649)=73.4, P<10'¢; BF=108). The pseudoword>real word lexicality effect was
present in both tasks assessed separately, but significantly smaller in the fixation task
(interaction F(1,649)=18.0, P<10+ BF=78.6). In the lexical task, mean ratio of pseudoword
response to real word response was 1.62, and the mean difference was 0.12 p.s.c
(SEM=0.02, t(14)=6.1, P=3x10; BF=888). In the fixation task, the effect was less than half
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as large: the mean pseudo:real ratio was 1.28, and the mean difference only 0.04 p.s.c.
(SEM=0.014; t(14)=2.55, P=0.023; BF=2.97).

Also, the lexicality effect decreased with absolute stimulus eccentricity (F(1,649)=35.7,
P=108, BF=8332). That was true for both tasks separately (both P<0.019). In the lexical
decision task, pseudowords evoked larger responses than real words only within 62
eccentricity. This corresponds to task accuracy, which was near chance beyond 6° (Fig.
1D). Thus, although mean BOLD responses during the lexical task were high for stimuli
across the visual field (Fig. 2), the VWFA'’s differential response to pseudowords vs. real

words roughly mirrors participants” ability to distinguish the stimuli.

We also analyzed lexicality effects in four other areas. The right VWFAs (Fig. 4, upper
right) differentiated real and pseudowords much like the left VWFAs did. In the left
FFAs (middle row left), there was a hint of a lexicality x eccentricity interaction during
the lexical decision task, but the BF favored the null hypothesis. The right FFAs were
clearly unaffected by lexicality. Responses in Broca’s area (bottom left) were more like
the VWFAs: a strong effect of lexicality (pseudo>real; F(1,649)=27.6, P=10°, BF=67.2),
which interacted with task (F(1,649)=12.2, P=0.001, BF=3.3) and eccentricity
(F(1,649)=15.2, P=10"*). Broca’s area was not affected by lexicality during the fixation task
(F(1, 326)=1.56, P=0.21, BF=0.001).

Thus, the lexicality effect is specific to the VWFAs and Broca’s area and is much
stronger when the participant engages in the lexical task. We propose that the response
elevation to pseudowords is caused by prolonged voluntary effort to match the letter
string to a known word. Familiar real words, in contrast, are rapidly matched and
evoke a weaker BOLD response. That effort is not made when the word is so far in the
periphery that it is completely illegible, nor during the fixation task (except perhaps on
some trials when a word appears in the fovea and attention “leaks” to it from the

fixation dot).

Task-dependent connectivity between VWFA and Broca’s area

One explanation for the task effects shown above (Figs 2-4) is that voluntary effort to
recognize words elicits top-down feedback from language areas, including Broca’s area,
that specifically targets the left VWFAs. If so, incidental trial-to-trial fluctuations should
be correlated between Broca’s area and the VWFAs. To test that prediction, we did a

12



functional connectivity analysis with Broca’s area as the “seed.” For each surface vertex,
we extracted the “residuals” in single-trial responses by subtracting out the across-trial
mean response for each stimulus type (real words, pseudowords, shape strings), task,
and stimulus position. Then we computed the correlation between each vertex’s

residuals and the mean residuals in Broca’s area.

IPS
A LH LH
Seed in
Broca’s
04 '
&
VWFA-1
RH
VWFA-1

VWFA-2
VWFA-1

RH

B Correlations with Broca’s area
0.75 1
I Lex, letters
*x [IFix, letters
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0.5F . [ Fix, shapes
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1 1 1 1

L VWFAs L FFAs R VWFA-1 R FFAs

Figure 5: Functional connectivity with Broca’s area. A: Maps of mean correlations with Broca’s area
during the lexical decision task, on Freesurfer’s “fsaverage” surface. The data are masked to show
only vertices where the correlation was significant (corrected for false discovery rate < 0.05), peaking
at r>=0.4. Lateral and ventral views of both hemispheres (LH and RH) are pictured. The “Broca’s area”
RO], defined from a univariate contrast of letters>shapes, is outlined in black, as is an IPS region
drawn to encompass r>0.2. Just posterior to that, outlined in yellow, is IPS-0, -1 and -2. B: Mean
correlation coefficients between Broca’s area and ventral temporal regions, in each condition.
“VWFAs” is the average across VWFA-1 and -2, and “FFAs” is the average across FFA-1 and -2.
Asterisks and abbreviations as in Figure 2. See also Figure S4.
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Figure 5A shows surface maps of those mean correlation coefficients during the lexical
task. Broca’s area is a hotspot because it correlates well with itself. The correlations are
high in the left VWFAs, but not in the neighboring face areas. Right VWFA-1 also shows
significant correlation with Broca’s, as does the left intraparietal sulcus (IPS), and a right
hemisphere homologue of Broca’s area. These patterns are specific: it is not just that the
VWPFAs correlate with many brain areas. Supplementary Figure S4A demonstrates that
when left VWFA-1 is the “seed”, the same patches of cortex show significant
correlation. For pairwise correlations between 14 different regions in each task

condition, see Figure S4B.

More importantly, functional connectivity depended jointly on stimulus type and task.
Figure 5B plots mean correlation coefficients with Broca’s area extracted from key ROls.
In the left VWFAs (mean of VWFA-1 and -2), the correlation was high (r=0.48) during
the lexical decision task, but roughly half as strong in all other conditions. When letters
were on the screen but ignored (fixation task), the correlation was not even as strong as
when shapes were attended (gap task). The effect of task on the correlation for trials
with letters was large (t(14) = 6.54, P=10°, BF=1732), but there was little to no task effect
for shapes (t(14) = 1.43, P=0.17, BF=0.61), and there was a strong interaction (t(14)=3.77,
P=0.002, BF=21). Within the fixation task, the correlation when letters were presented
was not any stronger than when shapes were presented (t(14)=1.29, P=0.22; BF=0.52).

When analyzed separately, VWFA-1 and VWFA-2 were similarly correlated with
Broca’s (during the lexical task, r=0.52 vs. r=0.43; P=0.28, BF=0.47). Right VWFA-1
showed a similar correlation pattern as the left VWFAs, except with a significantly
stronger correlation for shapes during the gap task than fixation task (t(10)=3.49,
P=0.006; BF=9.4). The FFAs showed very little correlation with Broca’s, and no effects of
task, although the left FFAs did have a slightly stronger correlation when letters were
present than shapes (F(1,56)=7.40, P=0.009). For a full analysis of activity in the IPS

region, see Supplemental Figure S5.
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DISCUSSION

By carefully manipulating both stimulus parameters and the participant’s task, we
revealed highly specific modulations of BOLD activity in ventral occipito-temporal
cortex. By “highly specific” we mean that within this data set, the connectivity patterns
and task effects were restricted to text-selective regions. Instructing the participant to
engage in a lexical decision task nearly doubled the VWFA'’s responses to words across
the visual field, compared to when the participant focused on the color of the fixation
dot (Fig. 2). The difference in response between real words and novel pseudowords was
also enhanced (Fig. 4; see also ref. °). Remarkably, when the participant judged the
location of a gap in a string of shapes, the VWFA’s response was reduced compared to
when those shapes were ignored during the fixation task (Fig 2). This reversal of task-
relevance effects was specific to the VWFAs and Broca’s area, and is the opposite of the
expected enhancement for attended stimuli — which did arise in some retinotopic areas
(Fig. 3). We are not aware of any other examples of visual stimuli evoking smaller fMRI
responses when task-relevant than when ignored. This highlights the importance of

modulations in visual cortex that are driven by task-specific cognitive processes.

For the first time, we combined task effects on mean BOLD responses with functional
connectivity to better understand the network architecture. Trial-to-trial fluctuations
were selectively correlated between the VWFAs, a putative left frontal Broca’s area, and
the IPS. Compared to other visual areas, the VWFAs had privileged connectivity to
Broca’s area in all conditions. However, that activity correlation was roughly twice as
strong during the lexical task as the other tasks (Fig 5). That strong connectivity requires
engagement in a lexical task, beyond the mere presence of words, because during the

fixation task the correlation was not higher for words than shapes.

Altogether, these results suggest that the reading network is activated by voluntary
engagement in a word recognition task, and can be suppressed by ignoring words or
engaging in a non-linguistic task on word-like stimuli. One hypothesis we favor is that
Broca’s area (perhaps together with the IPS) is a source of control for other parts of the
reading network. We consider it as a source of “linguistic effort.” When Broca’s area is
engaged, it communicates with the VWFA and boosts activity there, especially when a
letter string is unfamiliar or difficult to recognize. These areas communicate iteratively

until the letter string is either matched to an item in the mental lexicon or dismissed as
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meaningless. Thus, during the lexical task, the BOLD response in the VWFAs is
elevated for pseudowords and for words in the parafovea. When the participant
engages in the gap task, Broca’s area is less active and the VWFAs are suppressed. One
possibility is that there is some mutual communication between Broca's area and the
VWFA even when non-linguistic stimuli are presented. During the gap task, a diversion
of processing resources from the VWFA could lead to lower activity in Broca’s area, or

vice versa, even if the strength of their correlation is unchanged.

In theory, the lexicality effect (pseudo>real words) could originate in Broca’s area and
then be fed back to the VWFAs. However, that hypothesis is not supported by
intracranial recordings: sensitivity to lexical features emerges early in a mid-fusiform
text-selective area, not later than in frontal areas 7. An alternate hypothesis, therefore, is
that orthographic lexical access first occurs locally in ventral temporal cortex, but doing

so requires sustained excitatory feedback from frontal or parietal cortex.

One important question is whether such task-related modulations are unique to lexical
tasks and to the VWFA, or whether analogous modulations occur for other tasks and in
other category-selective regions. As one step towards answering this question, we
analyzed data from a previous study* in which three participants viewed sequences of
face images presented at various positions and performed three different tasks: (1) Face
identity task: attend to the faces to detect when two sequential images are of the same
person (but viewed from different angles); (2) Face dot task: attend to the faces to detect
a red dot occasionally superimposed on one of them; (3) Fixation digit task: ignore the
faces to detect repetitions within numerals flashing at the screen center. Responses in
the right FFAs were shown to be highest in the face identification task and lowest in the
fixation task #. In a new analysis, we found that this task effect on responses to faces
was widespread in both hemispheres (Figure 6). Even the left VWFAs responded more
strongly in the face identification task than in the face dot task and the fixation task.

Therefore, engaging in a face identification task recruits swaths of visual cortex beyond
the face-selective areas. Some caveats, however: several details of the stimulus
presentation (e.g., 4 s vs 150 ms) differed between studies, and the face study* collected
a vast amount of data from only three participants. Nonetheless, the overall patterns are
consistent with data from a larger sample, in which the VWFAs and FFAs responded

more strongly to both faces and words in a one-back task than in a fixation task 4. In
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contrast, here we found that engaging in a word recognition task recruits the VWFAs
specifically, due to top-down influences from language cortex that are spatially focused.

This is evidence that the top-down effects we report above are a unique aspect of

reading.
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Figure 6: Less specific top-down effects during face recognition tasks. This figure compares
responses to words in the current study (top row) with responses to faces in data from ref. 4’ (bottom
row). (A) The lexical>fixation task effect on responses to words was strong in the left VWFAs (left
being the dominant hemisphere for word recognition) but absent in the right FFAs (dashed outline;
right being the dominant hemisphere for faces). (B) Task effects on responses to faces were widespread
in both hemispheres. Even in the left VWFAs (in dashed rectangle), responses were stronger in the
face identity task than the dot task. In both those tasks, spatial attention was focused on the faces.
Therefore, the effects on BOLD responses are due to more than just directing spatial attention to the
stimuli. The parenthetical numbers below each ROI name indicate the number of participants.
Asterisks as in Figure 2.

The suppression of VWFA activity we found in the gap task also stands apart from the
face task data and other studies. It is not generally true that ventral temporal visual

regions are suppressed during tasks that do not match their selectivity: in our data, the
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FFAs were not suppressed during either the lexical or gap tasks. Also, in the re-
analyzed data with responses to face images #, the VWFAs were not suppressed during
the face tasks. We hypothesize that such a suppression may depend on stimuli that are
roughly matched to a region’s preference, because our shape strings were visually
similar to letter strings (unlike faces). This is an important open question for future

research.

One common finding in our study and its predecessors is the involvement of the IPS.
Kay & Yeatman (2017) concluded that areas IPS-0 and IPS-1 integrate sensory
information from ventral temporal regions and send feedback that boosts weak signals
14 see also 52%%. These findings are consistent with IPS being part of a dorsal attentional
control system 5. However, the part of the IPS highlighted by our functional
connectivity analysis extends more anterior than the specific regions (e.g., IPS-0/1)
associated with visual attention'* (see Figs. 5 and 54). The more anterior IPS is
associated with letter position encoding *, lexical processing 7, orthographic working
memory ¥, and even semantic memory *. Other authors have also found IPS to be
functionally connected to both the VWFA and Broca’s area 3842561, Therefore, anterior

IPS may work with left frontal language regions to modulate visual word processing.

Another insight provided by our data is that the lexical task boosts responses to words
even when they are presented in peripheral vision. Previous studies reported that the
left VWFA has a limited “field of view” that extends only a few degrees to the left of
fixation and drops off quickly between 5-10° to the right 2?2, Those studies measured
responses to a sweeping bar during a fixation task. We found a flatter spatial profile
during the lexical decision task: single flashed words evoked large responses even at 9°
eccentricity to the left and right. However, the difference in response between words and
pseudowords was more limited to the central visual field (Fig. 4), roughly matching
behavioral accuracy. Therefore, the behaviorally relevant field of view — corresponding
to how well the person can recognize words — may not be a simple reflection of the

overall BOLD response.

One important question arising from this study is: are the task effects due to “visual
attention”? In a loose sense, they must be, because the tasks required the participant to
pay attention to different things. But we can be more specific. Covert, endogenous

spatial attention probably plays a role: the fixation task required a narrow focus on just
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the very center of the screen, whereas both the lexical and gap tasks required an even
distribution of attention across all possible stimulus locations. Indeed, in area hV4 we
found a general enhancement of responses in the lexical and gap tasks. But spatial
attention alone cannot explain why in the VWFA, responses to letters were enhanced,
while responses to shapes were suppressed. We must invoke other mechanisms to
explain our results. Another form of attention is feature-based: a boost in activity for
neurons that are tuned to task-relevant features, like colors or motion directions %6263,
Stimuli that do not match a neuron’s preference can evoke smaller responses when
attended than when totally ignored %. Our tasks ditffered in the task-relevant features
(red color, high spatial frequency contours, letter identities, etc.). Could some
combination of feature-based and spatial attention explain our data? Perhaps, but only
if we extend our concept of feature-based attention to include a dimension along which
the features relevant for the lexical and gap tasks are at opposite ends, with the features
relevant for the fixation task in the middle. The face task data further complicate this
explanation because faces have very different features from words and yet evoke

stronger VWFA responses when attended than ignored (Fig. S6).

Rather than drastically stretch the models of visual attention that have been elegantly
applied to visual cortex in the past, we argue for a more inclusive view of task effects
beyond attention. In other contexts, top-down modulations in ventral temporal cortex
have proved more complex than spatial and feature-based attention 3. Our data
implicate flexible and specific integration of visual and linguistic information that

depends on top-down signals to support reading.

Going forward, a major goal is to develop a quantitative model of how activity in
ventral temporal cortex depends on both stimulus features and task demands. Some
conditions remain to be tested: for instance, how the VWFAs respond to non-linguistic
stimuli during a lexical task, or to words during a non-linguistic task. Moreover,
additional studies are necessary to determine whether the patterns observed here are
unique to linguistic processing in the VWFAs, or whether analogous effects could arise
elsewhere. Although existing data (Fig. S6) suggest that a face identification task evokes
more wide-spread modulations, we must design tasks analogous to those used here but
optimized for other brain areas. Such data, and a model that accounts for them, will
turther illuminate the extent to which cortical regions are distinct modules or

components of integrated networks.
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METHODS
RESOURCE AVAILABILITY

Lead contact: Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Alex White (alwhite@barnard.edu)

Materials availability: This study did not generate new materials.
Data and code availability:

e De-identified raw and pre-processed MRI data have been deposited at
OpenNeuro: https://doi.org/10.18112/openneuro.ds004489.v1.0.0

e Processed data and original analysis code have been the Open Science
Framework: https://doi.org/10.17605/OSF.1I0/YU8SW

e Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study was approved by the Institutional Review Board of Stanford University and
complies with all relevant ethical regulations. All participants gave written informed

consent and were paid a fixed monetary reward.

15 volunteers (10 female) participated. Their ages ranged from 19 to 28 years (mean =
23.8), and 14 were right-handed. All had normal or corrected to normal vision, and no
history of dyslexia or other cognitive disorders. All scored at or above the population
norm of 100 on the TOWRE-II tests of sight word efficiency and phonemic decoding
efficiency ®: means (and SDs) = 120 (9) and 117 (9), respectively. One additional
participant was excluded from the analyses for falling asleep in nearly every scan and

performing near chance even for stimuli at fixation.

METHOD DETAILS

Equipment

We acquired MRI data at the Center for Cognitive Neurobiological Imaging at Stanford
University on a 3T GE Discovery MR750 scanner (GE Medical Systems) using a 32-
channel head coil. In each session we collected one T1-weighted structural scan with 0.9
mm isotropic voxel size. We acquired functional data with a T2* sensitive gradient echo

EPI sequence with a multiplexing (multiband) factor of 3 to acquire whole-brain
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coverage (51 slices). The TR was 1.19 s, TE was 30 ms and flip angle was 62°. The voxel

size was 2.4 mm isotropic.

Via a mirror mounted above their nose, participants viewed the stimuli on an LCD
screen (total viewing distance = 280 cm). The display had a resolution of 1920 x 1080
pixels, refreshing at 60 Hz. We presented the stimuli with custom MATLAB software
(MathWorks, Natick, MA, USA) and the Psychophysics Toolbox %#”. Throughout each
scan we recorded monocular gaze position with an SR Research Eyelink 1000 tracker.
Calibration was usually successful (details below), and even when it was not,
participants believed their fixation was being monitored. Participants responded to the

tasks by pressing two buttons on a response pad held in their right hand.

Main Experiment: Stimuli

Figure 1A shows two example stimuli. The screen’s background luminance was set to
80% of its maximum. The visual displays on each trial consisted of a persistent fixation
dot of diameter 0.11 degrees of visual angle (dva) at the screen center, and one black
stimulus string that flashed for 150 ms at a random one of 11 positions along the
horizontal meridian. There were two stimulus types: letter strings and shape strings.
The letter strings were all composed of 4 letters in “Liberation Mono” (a monospaced
font similar to Courier). The font size was set such that the “x” was 0.41 dva tall. The 4-
letter strings were on average 1.69 dva wide (range 1.62-1.76), with 0.44 degrees
between the centers of neighboring letters. The stimulus set contained 264 unique letter
strings, half of which were pronounceable pseudowords with constrained bigram
statistics generated by MCWord . The other half were high-frequency real words of all
syntactic categories (e.g., nouns and verbs). The mean frequency was 549 per million,

ranging from 195 to 1,884. For the full list of stimuli, see Supplemental Table 1.

Each shape string was composed of 4 black circles and squares, matched in size and
spacing to the letters (height = 0.43 dva, spacing = 0.44 dva). Each shape was composed
of black lines 5 pixels wide (the same as most letter contours). There were 16 unique
strings, each composed of 4 shapes that were independently and randomly set to be a
square or a circle. Before being presented, one of the inner two letters had a gap added
either to the top or the bottom side. This gap was 0.17 dva wide, equal in size to the gap

in the letter “c”.
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The fixation dot was usually dark gray in color (40% of maximum screen luminance),
but on a random 50% of all trials it turned dark red during the 150 ms of stimulus
presentation. When a stimulus was centered on fixation, the dot was superimposed

onto the stimulus to remain visible.

Main experiment: Trials and tasks

Each 4-s trial was composed of one stimulus, a letter or shape string, presented for 150
ms, followed by a 3850 ms interval during which the subject could press a button to
respond, followed immediately by the next trial. Trials came in blocks of 6. The
stimulus type was constant within each block but varied randomly from block to block.
Between blocks were blank periods of rest (no task except fixation on the dot), lasting 4,

6, or 8 seconds (randomly assigned).

The participant performed three different tasks at different times. Half of the runs
(scans lasting ~6 minutes) were “attend-fixation” and half were “attend-stimuli.”
During “attend-fixation” runs, the participants ignored the letter and shape strings and
performed the fixation task. The task was to press one of two keys to report whether or
not the fixation dot turned red. The saturation of the red color (in HSV space) was

controlled by a staircase to converge on the 80% correct detection threshold.

During the “attend-stimuli” runs, participants made judgments of the shape or letter
strings while maintaining fixation on the dot but ignoring changes in its color. During
blocks of trials with shape strings, the participant performed the gap task: to report
whether the gap was on the top or bottom side. During blocks of trials with letter
strings, the participant performed the lexical decision task: to report whether the
presented letter string was a real word (e.g., book) or a pseudoword (e.g., blus). The
task-irrelevant changes in fixation dot color were “replayed” from the staircases in

fixation task runs.

Each subject saw each letter string once during the MRI experiment, and we took care to
equalize the sets of stimuli presented at different locations in terms of metrics that could
affect task difficulty and BOLD response. For each of the two run types (attend-stimuli,
attend-fixation), we generated 11 sets of 12 letter strings (6 real and 6 pseudo-words),
one set for each of the 11 visual field positions. Within each task, the word sets were

balanced in terms of the average of four different metrics: log frequency (maximum
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spread = 0.1), orthographic neighborhood size (maximum spread = 3.5 for real words,
0.2 for pseudowords); mean RT from the English Lexicon Project (ELP) database ¢
(maximum spread = 40 ms); and mean ELP accuracy (maximum spread = 5% correct).
Having created 22 such lists of letter strings (two tasks x 11 positions), we then
generated 5 unique word-to-position assighments by randomly shuffling those 22 lists
tive times. Each subject was given a random one of those 5 assignments. The use of each
stimulus list in the lexical decision or fixation task was also randomized across subjects.
It was therefore rare for any two subjects to see the same word at the same location in

the same task.

Localizer Experiment:

In order to localize word- and face-selective ROIs, participants completed a separate
localizer experiment in their first scan session. Participants viewed sequences of images
from 4 different categories: faces, objects, letter strings, and false fonts (Figure 1C). The
letter strings were 5-letter real words, pseudowords, and consonant strings, each in two
different fonts (Courier New and Sloan). For the false fonts, we used two different false
characters matched in low-level visual features to the real fonts: a pseudo-Courier 7,

and a pseudo-Sloan 7.

Each 4-second trial was composed of 4 frames presented in rapid sequence (700 ms each
with 300 ms blanks between). Each frame contained 3 grayscale images: one small
image at fixation (roughly 1.5 dva wide), and two large ones to either side (at 5.75 dva
eccentricity, roughly 8 dva wide; see Fig 1A). A fixation dot 0.11 dva in diameter was
superimposed on the center image. All frames on each trial contained images from the

same category (e.g. 4 frames of faces).

The screen’s background was set to a medium gray (63% of its maximum white). Letters
and false font characters were black. The face and object images were normalized such
that pixel intensities spanned the full range [0 255], with mean equal to the background
gray. The real words were all low in lexical frequency (<10 occurrences per million). The

pseudowords were generated to be pronounceable with constrained bigram statistics .

The participant performed two different tasks in separate 5-minute scans: a fixation
color task (press a button when the fixation dot changed color), and one-back task

(press a button when the stimulus images repeat). Those “target events” (fixation color
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change or successive image repetition) occurred on a random 33% of trials (each set
independently of the other). Each participant completed 4 localizer runs, alternating
between the two tasks. To define ROIs, we analyzed localizer data from both tasks

together.

Retinotopy experiment:

Each participant also completed three 5-minute runs of a standard retinotopy
experiment in which the participant fixated on a central spot while viewing a bar that
moved across the visual field 2. The bar moved in 8 different directions, taking 32 s to
cross the screen each time. The bar contained high-contrast patterns including faces and
words, which changed 5 times per second. The participant’s task was to maintain

central fixation and press a button whenever the fixation dot changed color.

To analyze these data, we used the analyzePRF toolbox to estimate the population
receptive field (pRF) of each surface vertex 7*7. By visualizing the eccentricity and polar
angle maps, we located borders between retinotopic areas 7. To analyze responses
during the main experiment in these retinotopic areas, we selected subsets of voxels
corresponding to each stimulus position. Each vertex was assigned to one of the
positions if: the PRF model fit R?> 0.2; the horizontal coordinate of its PRF center was
within 1.5 dva; and distance of its vertical coordinate from the horizontal meridian was
less than 1 SD of the PRF size. The response to each stimulus was then averaged only
across vertices assigned to that stimulus position. Stimuli at +/-9 deg were excluded
from analysis of retinotopic areas, because the displays used for retinotopic mapping
did not extend out that far.

Procedure

Participants practiced the lexical decision and gap tasks for at least 2 one-hour sessions
outside the scanner, with immediate feedback about gaze fixation as well as auditory
teedback about accuracy on each trial. They then participated in two MRI scanning
sessions. The goal was to complete 4 runs of the localizer and 3 runs of retinotopy in the

tirst session, and 8 runs of the main experiment in the second.

The main experiment included 528 trials: 132 for each stimulus type (letters, shapes)
and task (attend-stimuli, attend-fixation) combination. Within those, there were 12 trials
per visual field position. In a few cases we collected 1 fewer run than planned due to

time constraints. We excluded scans in which any framewise displacement due to head

25



motion exceeded 2.4 mm (1 voxel). This applied to 4 scans from 1 subject and 3 scans
from a second subject. When computing statistics, we weighted each participant’s data

by the number of trials they completed.

QUANTIFICATION AND STATISTICAL ANALYSIS

MRI data preprocessing
We used fMRIPrep 20.2.1 777, which is based on Nipype 1.5.1 7 to carry out the

following pre-processing steps. T1-weighted (T1w) images were corrected for intensity

non-uniformity (INU) with N4BiasFieldCorrection ¥, distributed with ANTs 2.3.3 8.
The T1w-reference was then skull-stripped with a Nipype implementation of the
antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTs as target template.
Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-
matter (GM) was performed on the brain-extracted T1w using fast (FSL 5.0.9) #2. A T1w-
reference map was computed after registration of 2 T1w images (after INU-correction)
using mri_robust_template (FreeSurfer 6.0.1) . Brain surfaces were reconstructed using
recon-all (FreeSurfer 6.0.1) #, and the brain mask estimated previously was refined with
a custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived

segmentations of the cortical gray-matter of Mindboggle *.

For each participant’s BOLD runs (across all tasks and sessions), the following
preprocessing was performed: First, a reference volume and its skull-stripped version
were generated by aligning a single-band reference scan. A BO-nonuniformity map (or
fieldmap) was estimated based on two (or more) echo-planar imaging (EPI) references
with opposing phase-encoding directions, with 3dQwarp (AFNI 20160207) %. Based on
the estimated susceptibility distortion, a corrected EPI (echo-planar imaging) reference
was calculated for a more accurate co-registration with the anatomical reference. The
BOLD reference was then co-registered to the T1w reference using bbregister
(FreeSurfer) which implements boundary-based registration . Co-registration was
configured with six degrees of freedom. Head-motion parameters with respect to the
BOLD reference (transformation matrices, and six corresponding rotation and
translation parameters) are estimated before any spatiotemporal filtering using mcflirt
(FSL 5.0.9) #. BOLD runs were slice-time corrected using 3dTshift from AFNI . Then, a

reference volume and its skull-stripped version were generated using a custom
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methodology of fMRIPrep. The BOLD time-series (including slice-timing correction)
were resampled onto their original, native space by applying a single, composite
transform to correct for head-motion and susceptibility distortions. The BOLD time-
series were also resampled onto the Freesurfer fsnative and fsaverage surfaces (the latter
being a template of the average brain). Framewise displacement (FD) was computed for
each functional run, using an implementation in Nipype, following Jenkinson * and
Power ¥. Gridded (volumetric) resamplings were performed using
antsApplyTransforms (ANTs), configured with Lanczos interpolation to minimize the
smoothing effects of other kernels *. Non-gridded (surface) resamplings were
performed using mri_vol2surf (FreeSurfer). Many internal operations of fMRIPrep use

Nilearn 0.6.2, mostly within the functional processing workflow.

BOLD response estimation

For both the localizer and main experiment, we conducted GLMs to estimate BOLD
responses to the stimuli on each trial. These responses (beta weights) are expressed in
percent signal change, and reflect changes relative to the “blank” periods when the
participant was simply fixating a dot on an otherwise empty screen. For the localizer
data, we used GLMdenoise *' to estimate the across-trial mean beta weight for each
stimulus category. For the main experiment, we used GLMsingle *>° to estimate single-
trial beta weights. The design matrix coded each 150 ms stimulus presentation as a
separate event. Both GLMdenoise and GLMsingle optimize the assumed hemodynamic
response functions and remove from the final estimations a set of noise regressors
unrelated to the task and stimulus. Compared to GLMdenoise, GLMsingle estimates
hemodynamic response functions on a per-voxel basis and also introduces ridge

regression to improve stability and accuracy of single-trial beta weights.

ROI definition

We defined word- and face-selective regions of interests (ROIs) using data from the
localizer experiment (Figure 1C). We computed contrasts of BOLD responses during the
localizer experiment (text vs. false fonts, faces and objects; faces vs. text, false fonts and
objects). We drew the ROIs based upon a visualization of the contrast t-statistic (t>3) on

each subject’s native surface.

We defined three text-selective ROIs: (1) VWFA-1 is anterior to the V4/VO1 border, in
the posterior occipito-temporal sulcus (OTS). (2) VWFA-2 is anterior to VWFA-1,
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usually in the OTS but sometimes extending onto the gyri on either side. In some
subjects VWFA-2 and VWFA-1 appeared contiguous at the chosen contrast threshold,
but they always had separate peaks of text selectivity. We based these regions upon a
prior publication ®. (3) Finally, we noted in some participants (9/15) a third text-
selective region medial to VWFA-2, near the mid-fusiform sulcus (MFS), which we
termed text-mfs. The text-mfs region may be the same as reported in
electrocorticography studies % and an fMRI study #. Some participants also had text-
selective blobs posterior to VWFA-1, but we did not analyze them as they were highly

variable and often extended into the area occupied by hV4.

In addition, we defined two face-selective regions in the fusiform gyrus: one relatively
posterior and usually medial to VWFA-1, which we call FFA-1, and another medial to
VWEFA-2, which we call FFA-2 (similar to what others have called pFus-faces and mFus-
faces; ). Figure 1D displays the most likely locations of each ROI on the fsaverage
surfaces. For images of each participant’s ROIs, see the public data repository. The table

below notes the number of participants who had each ROI in each hemisphere.

We also defined early visual areas (bilateral V1, V2, V3, hV4, and VO1/2) with data from
separate retinotopic mapping scans *°. To analyze responses during the main
experiment in these retinotopic areas, we selected subsets of voxels corresponding to
each stimulus position. Stimuli at +/-9 deg were excluded from analysis of retinotopic
areas, because the retinotopic mapping stimuli did not extend out that far. Although not
clearly visible in our own retinotopy data, we also extracted the approximate locations

of lateral occipital area LO-1/2 * based on a published atlas *.

Finally, we defined a putative Broca’s area in the left pre-central sulcus, based on data
in the main experiment. For each subject, at each surface vertex, we computed the mean
difference in responses to letters vs. shapes, collapsing across positions and task
conditions. Those difference maps were warped to the fsaverage template surface, and
then we computed across-subject statistics at each vertex. We defined Broca’s area as a
reliably text-selective blob where the t>5. We then back-transformed that ROI into each

participant’s native surface.
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Locations of and number of subjects with each ROI

In the table below, N is the number of participants in which we could localize each region,
and x, y, z are mean coordinates in standard MNI152 space. (Broca’s area was defined

based on across-participant average data, so N=15 by default).

Left Hemisphere Right hemisphere

Region N x y z N x y z
VWFA-1 15 -43 -61 -10 11 46 -58 -11
VWFA-2 13 -46 -45 -18 5 48 -48 -17
text-MFS 9 -36 -40 -21 4 38 -42 -22
FFA-1 14 -38 -59 -16 15 38 -54 -17
FFA-2 13 -39 -42 -20 12 41 -37 -21

Broca’s | (15) -39 8 25 - - - -

Statistical analyses
We used a combination of statistical tests to compare across-subject mean data to null

hypotheses that predict no effect of some manipulation. In many cases we used linear
mixed-effect models with random effects for participants. For models of the interaction
of two or three predictor variables, the results are reported as repeated-measures
ANOVAs (F-statistics and p-values). For tests of the effect of a mean difference between
two conditions, we conducted paired t-tests. We also report Bayes Factors (BFs) for each
test, to quantify strength of evidence. The BF is the ratio of the probability of the data
under the alternate hypothesis (that two conditions differ), relative to the probability of
the data under the null hypothesis %. For example, a BF of 10 indicates that the data are
ten times more likely under the alternate hypothesis than the null hypothesis. We
computed BFs using the bayesFactor toolbox in MATLAB
(https://github.com/klabhub/bayesFactor: DOI: 10.5281/zenod0.4394422).

Functional connectivity analysis

We assessed whole-cortex functional connectivity with two “seed” regions: left VWFA-
1 and Broca’s area (see ROI definitions above). For each stimulus and task condition
(e.g., real words during the lexical task), for each subject, for each surface vertex, we
subtracted from each trial’s response the mean across all trials with that type of
stimulus at the same location in the same task. Real words and pseudowords were

treated separately in this analysis. Then, for each stimulus/task condition, we computed
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the correlation between each vertex’s de-meaned responses and the de-meaned
responses in the seed area (averaged across its vertices). Each such correlation
coefficient estimates the correlation in trial-to-trial variance not explained by overall
effects of stimulus type, position, and task. To create the cortical surface maps of mean
functional connectivity (Figs. 5 and S4), we first transformed each subject’s map to
tsaverage space, smoothed them with a 2D Gaussian kernel (full-width at half-

maximum =5 mm), and then averaged across subjects.
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Figure S1: Lexical decision task performance separately for real words and pseudowords,
related to Figure 1B. The left panel is mean accuracy (proportion trials correct), and the right
panel is mean correct response time in ms. Error bars are + 1 SEM across subjects. Accuracy
drops off with eccentricity much more rapidly for real words (light green circles) than for
pseudowords (dark green squares). This is consistent with a general bias participants have to
report “pseudo” unless they clearly recognize the word. As the word visibility degrades with

increasing eccentricity, reports of “real” become less and less common. Correct response times
also tend to increase with eccentricity, for both types of stimuli.
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Figure S2: specificity of the task-by-stimulus interaction, activity as a function of trial number,
and activity in Left Broca’s area. Related to Figures 2 and 3. A: Left ventral cortical surface
(fsaverage) with a map of the t-statistic for interaction in BOLD responses: (Lexical task — Fixation
taskietters) — (Gap task — Fixation taskshapes). The colormap ranges from 3.9 < t < 7, 3.9 being the
minimum that was significant after correcting for multiple comparisons. The right hemisphere had no
significant vertices. We analyzed these data only within the masked region, outlined in black, that
included all of ventral temporal and early visual cortex (the union of Freesurfer parcellations fusiform,
inferior temporal, parahippocampal, entorhinal, lateral occipital, lingual, pericalcarine, and cuneus.)
“VWFA-1 (all subjects)” encompasses in white all individual VWFA-1 ROls. The other ROIs are the
same as those in main text Figure 1D. B: Mean responses as a function of trial number within the
average block, in the union of left VWFA-1 and VWFA-2, collapsed across stimulus position. Trials
came in blocks of 6 of all the same stimulus type. The stimulus type varied randomly from block to
block. (The “all” condition on the left collapses across trial number within the block). Lex = lexical task,
Gap=gap task, Fix=fixation task. Error bars are + 1 SEM. Curiously, there was an overall trend for the
absolute beta weights to decrease throughout the average block (slope = -0.02 psc per trial, p<107'4).
That could be due to repetition suppression or adaptation to repeated stimulation. C: The mean task
effects as a function of trial number, in the left VWFAs. Each point is the difference in the corresponding
two points in panel B, with 95% bootstrapped Cls. The positive task effect for letters is significant
throughout, but there was a significantly negative linear effect of trial number (p=0.02, 95% ClI of slope
= [-0.03 -0.002]). The task effect for shapes was near 0 on the 1%t trial, then became more negative
(p=0.001, 95% CI of slope = [-0.03 -0.01]). D: Mean BOLD responses in the Broca’'s area ROI,
analogous to main text Figure 2. Note that the task effect for letters (lexical>fixation enhancement) is
smallest, or even reversed, for stimuli at the fovea (0°), but larger in the periphery. In contrast, the task
effect for shapes (gap<fixation suppression) is largest near the fovea, where shapes actually induce
a drop in the BOLD signal below baseline.
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Figure S3: Activity in the left text-mfs region, related to Figures 2, 3 and 4. We could localize
this region in only 9/15 participants. Each panel corresponds to a plot of VWFA activity in the main
text. A: According an LME model, there was a significant main effect of absolute eccentricity
(p<10®), which was larger for letters than shapes (p=0.007). B: as indicated by the asterisks,
there were task effects for each stimulus type, which went in opposite directions. C: Responses
were overall higher for pseudo than real words (F(1,210)=11, p=0.001), and more so in the lexical
task (F(1,210)=3.9, p=0.049). D: The trial-to-trial response variability was more strongly correlated
with Broca’s area when letters were presented than shapes (p=0.008), but was not significantly
affected by task. E: An LME model of response magnitudes revealed a main negative effect of
trial (F(1, 208)=46, p=10"°). The task effect for letters (lexical>fixation) significantly diminished
across trials (1(52)=3.63, p=0.001), but the task effect for shapes was not affected (t<1, p>0.5).
Unlike in the VWFAs, the gap<fixation effect was present on trial 1.
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Figure S4: functional connectivity, related to Figure 5. (A) Mean functional connectivity with left
VWFA-1 as the “seed” region (In Fig. 5, Broca’s was the seed). Before averaging, each subject’s
data were smoothed with a 2D Gaussian kernel (full-width at half-maximum =5 mm). The data are
masked to show only vertices where the correlation in trial-to-trial fluctuations was significant
(p<0.05, corrected for false discovery rate), peaking at r>=0.4. (B) Correlations between trial-to-trial
response variability in pairs of 14 regions, for trials when letters were presented in each task and
stimulus condition. “*’ indicates P<0.01 for a t-test comparing the mean correlation coefficient to 0.
" indicates p<0.05. P-values corrected for false discovery rate.
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Figure S5: activity in left IPS, related to Figures 2-5. This left IPS region was defined in fsaverage
space where the correlation with Broca’s area r>0.2 (see Figure 5A). Each panel corresponds to a plot
of VWFA activity in the main text. A: Although these spatial profiles appear relatively flat, there was a
significant main effect of absolute eccentricity (P=0.02), which was larger for letters than shapes
(P=0.03). B: There was a main effect of task: “attend-stimuli” > “attend-fixation” (P=0.003), which did
not interact with stimulus type (P=0.31, BF=0.42). C: In the lexical decision task, but not in the fixation
task, there was a significant effect of lexicality (pseudowords>real words; P<0.001) that interacted with
eccentricity (P=0.02) D: The functional connectivity with Broca’s area was stronger when letters were
presented than shapes (P=0.003). That effect interacted with task (P=0.04, BF=1.6), with a task effect
(lexical > fixation) only for letters (P=0.01, BF=4.2). E: As in other areas, the overall BOLD response
decreased across trials in each block (P=3x102°), and the task effects diminished as well (P=0.002).
We also analyzed data in a more posterior region that encompassed IPS-0, IPS-1 and IPS-2, defined
from the Wang et al (2015) atlas (not shown). Its activity was similar to what is pictured here, but with
a stronger task effect (gap>fixation) in the BOLD response to shapes.



REAL WORDS PSEUDOWORDS
able form line says aden frur muna thir
also four live seem aizi futh muro thok
away free long seen alst gomy neee thom
back full look show alur grur neng tian
best gave lord side aror haca neny tirl
body girl lost some awan hece nery tith
book give love soon awat huso okis toto
both gone made sort blso inen onch trur
call good make such blus iney onem unth
came hair many sure cery inld oner upod
case half mean take cich inlk onld upom
cent hand mind talk cror inll onll usen
city hard miss tell dasy inly onlp vech
come head most than doch inod onod veey
dark held much then eady inom onom vefe
days help must time edey inow onot vith
does here name told egen inth onow wepy
done high need true eger itis onte wete
door home next took elsk juch onth wher
down idea once turn elst juld onty wier
each just only upon elur kner oved wiey
else keep open used enth knly ovek wifa
even kept over very evew knto ovem wiky
ever kind part view evey lelk ovep wiso
eyes knew past want eype lely ovew wito
face know play week faly lery rele woto
fact land poor well fito lith roso yeen
feel last read went frar lito saly yeey
feet late real wife frem mely siey yery
felt left rest word frer mito sirm yexi
find less road work fris moey soto yext
five life room year frme morr tagh yont
food like same your fror mugh thia yous

Table S1: Lists of real words and pseudo used in the main experiment. Related to Figure
1A.




