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Memorability of novel words correlates with
anterior fusiform activity during reading
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Our memory for the words we already know is best predicted by their asso-
ciated meanings. However, the factors that influence whether we will
remember a new word after we see it for the first time are unclear. We record
memory performance for 2100 novel pseudowords across 1804 participants
during a continuous recognition task. Participants show significant agreement
across individuals for which novel words were memorable or forgettable,
suggesting an intrinsic memorability for individual pseudowords. Pseudo-
words that are similar to low-frequency known words, with sparse ortho-
graphic neighbourhoods and rarely occurring letter pairs, are more
memorable. Further, using intracranial recordings in 36 epilepsy patients we
show a region in the anterior fusiform cortex that shows sensitivity to the
memorability of these pseudowords. These results suggest that known words
in our lexicon act as a scaffold for remembering novel word forms, with rare
and unique known words providing the best support for novel word learning.

In our everyday lives, we frequently encounter words that we have
never seen before'. This can include building our vocabulary, new
words coming into common use, or names of new people, companies,
or drugs. But what factors affect our ability to remember these words
after we first see them? In order to learn a new written word we need to
be able to remember the specific combination of letters associated
with the word and distinguish this from other similar word forms. This
process begins with an initial rapid familiarisation period, believed to
be mediated by medial temporal and hippocampal memory circuits>’.
During this period, before cortical consolidation, memory retrieval of
novel words is slower, less efficient, and less accurate than for known
words. Probing which novel word forms are more efficiently encoded
during this period will teach us more about how this initial phase of
word learning occurs.

Intrinsic memorability* of an item is a measure of the likelihood,
across multiple individuals, of remembering that item when reen-
countering it or attempting to recall it. Robust intrinsic memorability
of specific items has been demonstrated for many classes of visual
stimuli including words®”, faces®, scenes’', objects"”, symbols?, and
artwork'. The memorability of these visual stimuli modulates neural
activation across ventral occipitotemporal cortex (vOTC), with more

memorable images typically showing greater activation, most notably
within category-selective regions such as fusiform face area*.

Memorability for known words is most prominently influenced by
the semantics we have learned to associate with their word form*”.
Though when we first encounter novel words they have no inherent
meaning to us and we cannot easily utilise semantic memory to encode
them. Robust memorability has been demonstrated for meaningless
phase-scrambled images, suggesting memorability can exist in the
absence of semantics'®. However, this leaves an open question as to, in
the absence of meaning, which other factors drive our ability to
remember novel word forms.

Within vOTC, novel pseudowords typically show greater neural
activation than known words while reading'"’, likely as pseudoword
processing is less efficient than the processing of known words
through this route. vOTC is sensitive to a pseudoword’s orthographic
neighbourhood and bigram frequency'®*°~** and is highly sensitive to
the frequency at which known words occur in natural language''52%%,
Consequently, these factors are likely candidates for driving differ-
ences in memorability between pseudowords.

Here, to derive a measure of novel word memorability we perform
an online study of pseudoword memory. Using these data, we derive
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empirical memorability scores for 2100 unique novel pseudowords
and, from this, reveal the factors underlying the successful recognition
of previously encountered pseudowords. Further, to find neural cor-
relates of these memorability effects, we use intracranial recordings in
36 individuals, with 3259 electrodes in their left, language-dominant
hemisphere, as they silently read sentences and lists made of pseu-
dowords, to map the sensitivity of vOTC to pseudoword memorability.

Results

A total of 1804 participants performed a continuous recognition task
on the online platform Prolific. Participants were each presented with
256 pseudowords in succession and were asked to press a button if any
of the items were repeated (Fig. 1a). Fifty words were repeated, with a
>30s lag between the prime and repeat. We calculated the memor-
ability of each word as its corrected recognition (CR) score across
participants, measured by the hit rate minus the false alarm rate. Mean
hit rate across participants was 52 + 25% (mean + SD), false alarm rate
was 10 + 9%, and mean response time was 805 + 97 ms (Fig. 1b). To
assess the consistency of memorability across participants we calcu-
lated the split-half consistency, across 1000 permutations (Fig. 1c).
This demonstrated that random participant halves had significant
agreement on the memorability of individual pseudowords (Spear-
man-Brown corrected p =0.38, p < 0.001).

Memorability of novel words
There was a large variability between the memorability of individual
items (Mean CR=0.42 + 0.1, range 0.11-0.78) (Figs. 2a, b, 3).

We modelled the memorability of individual items as a function of
several sublexical factors, using multiple linear regression (MLR). We
included factors known to modulate reading speed and neural acti-
vation for pseudowords, including letter length, orthographic neigh-
bourhood (OLD20*, the mean number of character-edits to a
pseudoword’s 20 nearest known word neighbours), the upper and
lower frequency bounds of a pseudoword’s closest known word
neighbours, and letter co-occurrence statistics (bi- and quadri-gram
frequencies).

This model showed significant effects of orthographic neigh-
bourhood, bigram and quadrigram frequencies, and the frequency of
the pseudoword’s lowest-frequency neighbour (Table 1). The highest
memorabilities were seen for pseudowords with a sparse orthographic
neighbourhood, low-frequency bigrams but high-frequency quad-
rigrams, and low-frequency neighbours.

Highly memorable six-to-eight-letter long pseudowords showed
significantly sparser orthographic neighbourhoods between two to
five character-edits away (Fig. 4). Five-letter words only showed these
differences out to four character-edits, and two character-edits for
four-letter words, suggesting an initial length dependency that satu-
rates for pseudowords six letters or longer.

We found that the observed memorability scores were a sig-
nificant predictor of response time for correctly identified items (LME,
t(47,064)=-8.1, p=-70, p<0.001, 95% CI —87 to -53), with more
memorable items resulting in faster response times.

For the subset of the pseudowords that had published lexical
decision time data” (1300 items), we also ran a model including the
mean decision time as a regressor. This model demonstrated a strong,
significant effect of lexical decision time on memorability (MLR,
t(1292) =5.42, B=0.27, p<0.001, 95% Cl 0.17 to 0.36), with pseudo-
words with longer lexical decision times showing higher memorability.

We used the pseudoword predictors to attempt to predict known
word memorability scores from a previous study’. An MLR model fit to
the item level memorability scores for the pseudowords resulted in a
low predictive power for known word memorability (Spearman,
p(236) =0.06). This value was significantly lower than the predictive
power within the pseudoword set, predicting a held-out set of stimuli
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Fig. 1| Experimental design and behavioural analysis. a Schematic representa-

tion of the continuous recognition task. b Distributions of participant hit rates, false
alarm rates and response times during the continuous recognition task. Box plots
represent quartiles, with whiskers extending to +1.5 x IQR. Density plots were cal-
culated using the random average shifted histogram method. ¢ Spearman-Brown

split-half analysis of the memorability results, testing 1000 randomly split halves of
the data against shuffled data.

the same size as the known word set (Monte Carlo, 1000 iterations,
p<0.001, 95% CI 0.15-0.34).

Neural representation of novel word memorability

Thirty-six participants with intracranial electrodes placed in their left,
language-dominant hemisphere for the localisation of intractable
epilepsy were visually presented with eight-word lists of words or
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Fig. 2 | Quantification of novel word memorability. a Histogram of pseudoword
memorabilities within our 2100-item corpus. b Exemplar items showing the highest
and lowest memorability items for each word length. ¢ Predictability of item
memorability based on multiple linear regression, showing the Spearman rank
correlation coefficient with 95% confidence interval.

pseudowords or structured pseudoword sentences. Thirty-four parti-
cipants had stereotactic EEG electrodes (SEEGs) and two had subdural
grid electrodes (SDEs). Words were presented in rapid serial visual
presentation format at a comfortable reading pace (500 ms/item),
followed by a two-alternative forced choice decision between a pre-
sented vs. non-presented word from the preceding list. Each partici-
pant was presented with up to 687 pseudowords with derived
memorability scores from the online study (566 unique items). Task
accuracy was high across all trial types (word list, 92 + 6%; pseudoword
sentence, 89 + 8%; pseudoword list, 85 +10%). In trials where both of
the forced choice options had memorability scores from the online
study, participants were significantly more likely to answer correctly

when the correct item had a high memorability score (mixed-effects
logistic regression, t(382) =2.37, $=5.09, p=0.018, 95% CI 0.86 to
9.31); however, the memorability of the foil did not have a significant
effect on responses (t(382)=-116, B=-1.68, p=0.25, 95% CI
-4.51 to 1.16).

We generated population-level maps to tease apart the factors
driving cortical activation using surface-based linear mixed-effects
(sbLME) analysis. This model used the mean broadband gamma
activity (BGA; 70-150 Hz) from 200-400 ms after the onset of each
word in normalised cortical surface space. sbLME enables the separa-
tion of contributions of multiple linguistic features to BGA while
adjusting for unequal sampling and inter-individual variations in acti-
vation. The features used for these analyses included the memorability
score from the online study and lexicality. Effects of word position in
the sequence, orthographic neighbourhood, bigram and quadrigram
frequencies, and lowest frequency neighbour were regressed out to
probe the effects of memorability and lexicality beyond those of their
related sublexical statistics.

First, we applied an sbLME model to quantify the effects of
memorability, using exclusively pseudoword trials. This revealed a
distinct region in anterior fusiform displaying significant sensitivity to
pseudoword memorability (Fig. 5a). In contrast, a comparable sbLME
model contrasting words and pseudowords, revealed a broad effect
across most of ventral temporal cortex, extending from early visual
cortex to anterior fusiform, with greater activation in response to
pseudowords than words (Fig. 5b).

To visualise the time course of their responses, we used ROIs
centred on three segments of the fusiform gyrus—posterior fusiform
(pFus), mid-fusiform (mFus), and anterior fusiform (aFus)—to isolate
the spatiotemporal properties of the memorability response. For each
ROI, we analysed activity over time using linear mixed-effects (LME)
models. We observed significant modulation of activity in aFus by
memorability from 280 to 390 ms following word onset, with more
memorable pseudowords showing lower activation (Fig. 5d). In con-
trast, pFus and mFus did not show significant modulation by
memorability.

We additionally tested ROIs in inferior parietal sulcus (IPS), pre-
central sulcus (pCS), and inferior frontal gyrus (IFG), regions known to
be crucial for pseudoword processing; however, we observed no sig-
nificant modulation by memorability (Fig. 6).

Discussion
In this study, we provide an empirical quantification of novel word
memorability for a large corpus of pseudowords. This memorability is
repeatable across individuals, and, at corpus level, memorability can
be predicted by a pseudoword’s relationship to words already in the
lexicon, but with a large degree of variability within individual items.
Additionally, we demonstrate a region in the anterior fusiform whose
activity is sensitive to the memorability of pseudowords while reading.

Memory for new words, the initial stage toward learning novel
words, appears to use our existing lexicon as a scaffold, with novel
words that are close to distinctive, unique words resulting in stronger
memorability. Pseudowords similar to low-frequency known words
that themselves have low orthographic neighbourhoods (e.g., lyrx-
lynx, sombat-wombat, dinoseur-dinosaur) were more memorable. The
presence of low-frequency bigrams was also predictive of high mem-
orability (e.g., jisc, snylark, unzie). Pseudowords that were perceived as
more word-like, as evidenced by longer lexical decision times, were
also more memorable (e.g., addessed, 0.65, 914 ms; piecrast, 0.62,
903 ms) while less word-like forms were less memorable (e.g., slox-
imal, 0.37, 606 ms; delp, 0.25, 617 ms). These results replicate an effect
seen with known words’, that retrieval of more memorable items is not
only more accurate but also faster.

Verbal memory for written words is commonly thought of as
dependent on both semantic memory and the orthographic lexicon,
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Fig. 3 | Distribution of novel word memorabilities. Spatial map of the pseudoword corpus with the vertical axis representing memorability and horizontal axis

distributed by word length. Words are coloured by orthographic neighbourhood,

with sparser neighbourhoods being darker.

Table 1| Multiple linear regression of novel word
memorability

the long-term memory storage of known word forms®. The depen-
dence of pseudoword memorability on orthographic similarity to
known word forms implies the influence of the orthographic lexicon,

as the novel words have no inherent meaning that can be encoded by

semantic memory. However, access to the orthographic lexicon while
reading typically engages a region in mFus more posterior to the aFus
cluster seen here, as shown both functionally’®*****° and causally* .

This could suggest distinct processes within the orthographic lexicon

B (95% CI) t p-value
Intercept 0.42 (0.41-0.42) 199 0
Length -0.00018 -0.06 0.95
(-0.006 to -0.006)
Orthographic neighbour- 0.039 (0.027-0.052) 6.02 2x10°
hood (OLD20)
Highest frequency neighbour  -0.0009 -0.38 0.7

(-0.005 to 0.0036)

for the recognition of known orthographic forms and the encoding of
novel orthographic forms. This could also suggest the memorability

Lowest frequency neighbour 0.0095 (0.0029-0.016) 2.82 0.005

cluster represents a distinct domain-general memory region that may
not be specific to novel words but is dependent on inputs from the

orthographic lexicon during the encoding process for novel words.

Mean bigram frequency -0.013 -2.51 0.012
(-0.022 to -0.028)
Mean quadrigram frequency 0.072 (0.026-0.12) 3.04 0.002

Using intracranial recordings during reading aloud of words and

MLR model (df = 2093, r*=0.07) of memorability during the continuous recognition task.

pseudowords we have previously shown traditional lexical stream
regions, such as mFus, show greater activation to pseudowords than
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tests; *p < 0.05, *p < 0.01, **p < 0.001. Number of pseudowords per quintile is
shown for each word length.
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B

Fig. 5 | Intracranial correlates of novel word memorability. a, b sbLME models
for a memorability and b lexicality, showing significant clusters (p < 0.01, Monte
Carlo cluster corrected) of sensitivity. Regions in black did not have sufficient
coverage for reliable sbLME results (<3 patients). ¢ Anatomical ROI definitions for
posterior (pFus; dark green), mid (mFus; green), and anterior (aFus; light green)
fusiform cortex. Pseudoword responsive electrodes not included in an ROI shown

pFus 40 (8)
250
Time (ms)

500

in white. d LME beta values (+SE) for the effect of memorability within each ROI,
calculated at each time point independently (10 ms resolution). Effects of word
position in the sequence, orthographic neighbourhood, bigram and quadrigram
frequencies, and lowest frequency neighbour were regressed out. Number of
electrodes and patients per cluster is shown. Coloured bars represent regions of
significance from the LME analyses (g < 0.01 FDR-corrected).

real words”. We also observe disruption of the ability to read pseu-
dowords when vOTC is stimulated® >, suggesting a causal role in
pseudoword reading. This is contrary to some predictions based on
dual-stream cognitive models which predict the lexical route should
only be sensitive to known words”. Here, we show the importance of
neighbouring known words on the memory of novel pseudowords,
with higher memorability words showing sparser orthographic
neighbourhoods, out to five character-edits away. This could suggest
that when pseudowords are read then the internal representations of
known words up to five character-edits away are activated to aid
processing, though activation of too many comparable orthographic
representations may be deleterious to memory. While novel
pseudowords can be pronounced using grapheme-to-phoneme cor-
respondences, there is considerable inter-individual and within-
individual variability in which pronunciations are used, not just
utilising the most probable correspondences®. This could suggest
we use internal representations of this broad range of ortho-
graphically similar known words in vOTC to facilitate our processing
of novel pseudowords.

We found a region of anterior fusiform whose pseudoword-
induced activation is sensitive to memorability. This region is more
anterior to where we have previously shown the initial distinction
between words and pseudowords occurs”-*, likely suggesting a sub-
sequent process. Previous intracranial work has shown that more
memorable known words result in faster reinstatement of neural
activity in the anterior temporal lobe during memory retrieval’.
Resection of left, but not right, anterior temporal lobe is also asso-
ciated with impairments to recognition of previously encountered
pseudowords®. This region is also in close proximity to regions of
parahippocampal gyrus and perirhinal cortex that are sensitive to the
familiarity of faces and scenes®**’. While sublexical route regions, such
as IPS and pCS, are typically more associated with novel word pro-
cessing than lexical route regions, we find no evidence for sublexical
route involvement in pseudoword memorability. It is possible that this
association naturally emerges due to vOTC’s proximity to medial
temporal and entorhinal memory structures critical for verbal
memory*, This raises the question of what role the sublexical route
plays during the early stages of novel word learning.
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Fig. 6 | Novel word memorability outside of vOTC. a Anatomical ROI definitions
for inferior frontal gyrus (IFG; dark purple), precentral sulcus (pCS; purple), and
inferior parietal sulcus (IPS; light purple). Pseudoword responsive electrodes not
included in an ROI shown in white. b LME beta values (+SE) for the effect of
memorability within each ROI, calculated at each time point independently (10 ms
resolution). Effects of word position in the sequence, orthographic neighbourhood,
bigram and quadrigram frequencies, and lowest frequency neighbour were
regressed out. Number of electrodes and patients per cluster is shown. None of
these ROIs showed any periods of significant sensitivity to memorability (all

g >0.05 FDR-corrected).

While words, faces, and scenes are perceived as coherent high-
level objects they are a combination of multiple lower-level constituent
parts. The principles seen here in novel words may transfer across to
other high-level visual categories, with more memorable items being
similar to rarely seen but otherwise familiar exemplars, and containing
constituent parts that are low probability given the context of the
whole image. Given the differences seen here between known and
novel word memorability, it is likely these principles would be most
relevant for novel items without a strong, extant semantic association.
Our models based on parameters from the pseudowords showed sig-
nificant ability to predict pseudoword memorability, however, these
models were poor predictors of known word memorability. This is
suggestive that known words indeed rely on additional semantic fac-
tors to aid in memorisation’, and are less reliant on lower-level

orthographic and lexical neighbourhood effects that are required for
pseudoword memory.

Prior fMRI work has shown modulations of activation within vOTC
based on memorability of faces and scenes*, with greater activation for
more memorable items. In contrast, here we show a reduction in
activation during the presentation of more memorable pseudowords.
This could relate to more memorable pseudowords being more word-
like, resulting in more word-like activation patterns. However, the
neural signatures for lexicality appear much more widespread across
the cortex, and the memorability effect is much more focal. This
reduction in activation could instead reflect the decreased effort in
memorising these pseudowords®, with a lexical scaffold providing
increased efficiency. More memorable items tend to be more effi-
ciently encoded, recognised, and retrieved®***°, This may also be
influenced by the task, as our participants were viewing and encoding
the words knowing there would be a subsequent recall required, while
fMRI participants in the prior study were just passively viewing the
images.

Many recent additions to the Merriam-Webster dictionary (e.g.,
yeet, rizz, janky, adorkable) follow the trends seen here for highly
memorable pseudowords; word-like forms with small orthographic
neighbourhoods and the presence of low-frequency bigrams. This
could suggest that highly memorable novel words are more likely to
propagate between individuals and be incorporated into the shared
lexicon.

Here, we show that while known word memorability appears most
dependent on semantic memory, novel word memorability appears to
be driven by the orthographic lexicon. This suggests that early word
learning processes before cortical consolidation begins, are depen-
dent on the orthographic lexicon. This leaves the open question of
how the memorability of novel words changes throughout the learning
process, as words gradually transition from hippocampal and ortho-
graphic lexicon-dependent processes to cortical and semantically
driven processes.

Methods

Online experiment

A total of 1804 participants (809 male, 977 female, 18 other, 18-60 years,
mean age 38 +11 years) provided informed consent to participation
through the online experimental platform Prolific. To be recruited, the
participants had to be monolingual English speakers, reside in the Uni-
ted States, aged between 18 and 60 years, and with at least a 90%
approval rating. Participants were excluded if they did not provide any
correct key presses in the memory task, if their false alarm rate was
>3.5SD above the mean (>50%), or if their mean response time was less
than 300 ms. The number of participants was determined to get at least
40 ratings for each pseudoword in the corpus. All experimental proce-
dures were reviewed and approved by the Committee for the Protection
of Human Subjects (CPHS) of the University of Texas Health Science
Center at Houston as Protocol Number HSC-MS-06-0385.

Our test corpus consisted of 2100 unique, phonotactically legal
word forms. Pseudoword selection was based on pseudowords used in
previous intracranial studies by our lab"”"®?, pseudowords from the
English Lexicon Project with existing lexical decision data?, and non-
sense words from classic literature (e.g., Lewis Carroll, Roald Dahl, Dr.
Seuss, A.A. Milne, Spike Milligan). A small number of very low-
frequency real words (<100), whose meanings are not widely known,
were also included in the test set. All tested stimuli had between 4 and
8 letters and had a SUBTLEXus frequency lower than 1 occurrence per
million words.

Participants engaged in a continuous recognition task, viewing a
stream of 256 words, and had to press the ‘R’ key whenever they
identified a repeated word. Each word was displayed for 1200 ms with
an 800 ms blank inter-stimulus interval. Fifty of these words were
targets, where their repetition occurred >30 s after the prime. Twenty
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shorter duration (<30 s) repetitions were included to maintain vigi-
lance. All the remaining stimuli were shown only once and were drawn
from the same pool of pseudowords. Word selection for each parti-
cipant was pseudorandom, aiming to use each word as a target for at
least 40 participants, and ensuring a >1 orthographic Levenshtein
distance between all stimuli within a given set. The experiment was
implemented using oTree*, took approximately 10 min, and partici-
pants were compensated $2 for their time.

Memorability for each word was quantified as the Corrected
Recognition (CR) score, the Hit Rate minus the False Alarm rate. Trials
with a response time faster than 3.5SD less than the mean (<220 ms)
were considered to be misses (0.34% of trials). To test consistency
between participants we calculated the split-half consistency across
1000 permutations. For each permutation, the participants were ran-
domly split into two halves, CR was calculated for each word and the
Spearman rank correlation between the halves was calculated, cor-
rected by the Spearman-Brown split-half reliability correction. A null
distribution was calculated by randomly shuffling CR values between
words within one of the participant halves.

Intracranial participants

Thirty-six patients (17 male, 20-66 years, mean age 36 + 10 years, 2
left-handed, 1Q 96 +12, Age of Epilepsy Onset 22 +12 years) partici-
pated in the experiments after giving written informed consent. All
participants were semi-chronically implanted with intracranial elec-
trodes for seizure localisation of pharmaco-resistant epilepsy. Parti-
cipants were excluded if they had confirmed right hemisphere
language dominance, only had electrode coverage of the right
hemisphere, or had a significant additional neurological history (e.g.,
previous resections, MR imaging abnormalities such as malforma-
tions or hypoplasia). Sample size was determined to provide suffi-
cient coverage (>3 patients) of all investigated regions of interest. All
experimental procedures were reviewed and approved by the Com-
mittee for the Protection of Human Subjects (CPHS) of the University
of Texas Health Science Center at Houston as Protocol Number HSC-
MS-06-0385.

Electrode implantation and data recording

Data were acquired from either subdural grid electrodes (SDEs; 2
patients) or stereotactically placed depth electrodes (SEEGs; 34
patients). SDEs were subdural platinum-iridium electrodes embed-
ded in a silicone elastomer sheet (PMT Corporation; top-hat design;
3 mm diameter cortical contact) and were surgically implanted via a
craniotomy*>*’, sEEGs were implanted using a Robotic Surgical
Assistant (ROSA; Medtech, Montpellier, France)****. Each SEEG probe
(PMT corporation, Chanhassen, Minnesota) was 0.8 mm in diameter
and had 8-16 electrode contacts. Each contact was a platinum-
iridium cylinder, 2.0 mm in length and separated from the adjacent
contact by 1.5-2.43mm. Each patient had 12-20 such probes
implanted. Following surgical implantation, electrodes were loca-
lised by co-registration of pre-operative anatomical 3 T MRI and post-
operative CT scans in AFNI*. Electrode positions were projected
onto a cortical surface model generated in FreeSurfer*, and dis-
played on the cortical surface model for visualisation*’. Intracranial
data were collected during research experiments starting on the first
day after electrode implantation for sEEGs and two days after
implantation for SDEs. Data were digitised at 2 kHz using the Neu-
roPort recording system (Blackrock Microsystems, Salt Lake City,
Utah), imported into Matlab, initially referenced to the white matter
channel used as a reference for the clinical acquisition system and
visually inspected for line noise, artefacts, and epileptic activity.
Electrodes with excessive line noise or localised to sites of seizure
onset were excluded. Each electrode was re-referenced to the com-
mon average of the remaining channels. Trials contaminated by
inter-ictal epileptic spikes were discarded.

Stimuli and experimental design

Patients undertook a silent sentence reading task'®** Participants were
presented with eight-word sentences and word lists using a rapid serial
visual presentation format. A 1000 ms fixation cross was presented
followed by each word presented one at a time, each for 500 ms.
Words were presented in all capital letters, in Arial font with a height of
150 pixels (-2.2° visual angle) on a 2880 x 1800, 15.4” LCD screen
positioned at eye-level, 2-3’ from the patient, using PsychToolbox for
MATLAB. To maintain the participants’ attention, after each sentence,
they were presented with a two-alternative forced choice, deciding
which of two presented words was present in the preceding sentence,
responding via a key press. Only trials with a correct response were
used for analysis. Stimuli were presented in blocks containing 40 real
sentences, 20 Jabberwocky sentences, 20 word lists and 20 pseudo-
word lists in a pseudorandom order. Each participant completed
between 2 and 4 blocks.

Signal analysis

Analyses were performed by first bandpass filtering raw data of each
electrode into broadband gamma activity (BGA; 70-150 Hz) following
removal of line noise (zero-phase 2nd order Butterworth bandstop
filters). A frequency domain bandpass Hilbert transform (paired sig-
moid flanks with half-width 1.5Hz) was applied, and the analytic
amplitude was smoothed (Savitzky-Golay finite impulse response, 3rd
order, frame length of 201 ms). The resultant BGA time course was
then downsampled to 100 Hz using a non-overlapping sliding window
average. BGA is presented here as percentage change from
baseline level, defined as the period —500 to -100 ms before word 1
presentation.

Statistical analysis

For ROI-based analyses, electrodes were tested to determine whether
they were responsive during pseudoword presentation. We decided on
an analysis window of 200-400 ms post word onset as our prior work
shows this interval is critical for pseudoword reading”*%. For each
electrode, we calculated the Bayes factor (BF) of the mean
pseudoword-induced activity for this window, combining across all
trials, word positions and experimental conditions, compared to the
mean activity in each of two 200 ms pre-sentence baseline windows
(=500 to —300 ms, -300 to -100 ms). Electrodes were considered
responsive if they showed strong evidence (In(BF,o) > 2.3, BGA >10%)
of a deviation from baseline during stimulus presentation. Of the 3259
electrodes located in left, language-dominant cortex, 457 electrodes
(in 32 patients) were considered responsive. ROIs were selected based
on prior intracranial studies of reading”'®?2. ROI centres were defined
on the cortical surface, and all responsive electrodes within a set
geodesic radius of this point were included*®. Centres of mass for each
of the left-hemispheric ROIs in Talairach space were as follows: pFus,
-40 -59 -13; mFus, -31 -36 -18; aFus, -35 -21 -23; IFG, -41 27 17; pCS, -40 -2
46; IPS, -28 -59 35.

Linear mixed-effects (LME) models were used to dissociate mul-
tiple factors modulating BGA over time. Hierarchical random effects
were used, with the random effect of individual electrodes grouped by
patient. For time-resolved LME analyses, we used LME models at each
time point (10 ms resolution) and corrected for multiple comparisons
using a Benjamini-Hochberg false detection rate (FDR) threshold
of g<0.01.

Surface-based linear mixed-effects (sbLME) modelling

sbLME'® was used to map electrode activations for each trial onto the
standardised population brain surface using each electrode’s pre-
sumed “recording zone”, an exponentially decaying geodesic
radius**°. This resulted in a surface-based activation map for each
patient for each trial. Linear mixed-effects (LME) models were then
used at each vertex of the standardised surface, providing a beta and
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t-statistic estimate at each vertex. LME models are an extension on a
multiple linear regression, incorporating fixed effects for fixed
experimental variables and random effects for uncontrolled variables.
Fixed effects used include memorability, word length, orthographic
neighbourhood, lexicality, and word position and are stated in the
relevant analyses. Models included a random effect of patient, allowing
arandom intercept for each patient to account for differences in mean
response size between patients. Results were thresholded at a
t-statistic greater than 2 and coverage of at least 3 patients. Cluster
significance was computed at a corrected alpha-level of 0.01, using
family-wise error rate corrections for multiple comparisons. The
minimum criterion for family-wise error rates was determined by
white-noise clustering analysis (Monte Carlo simulations, 1000 itera-
tions) of data with the same dimension and smoothness as that
analysed®.

Linguistic analysis

We quantified word frequency as the base-10 log of the SUBTLEXus
frequency®". This resulted in a frequency of 1 meaning 10 instances per
million words and 4 meaning 10,000 instances per million words.
Orthographic neighbourhood (OLD20)* was calculated as the mean
number of character-edits required to convert a word into its 20
nearest neighbours. The tested neighbourhood consisted of all words
from the SUBTLEXus dataset with a frequency >-1 and at least three
letters long. Highest and lowest frequency neighbours were deter-
mined as the upper and lower bounds of the frequencies of a pseu-
doword’s closest orthographic neighbours. For example, coltrest’s
closest neighbours each have an edit distance of 2, with contest (freq =
1.27) and coldest (freq=-0.07) representing the upper and lower
bounds, respectively. Bigram and quadrigram frequencies were cal-
culated as the mean probabilities of occurrence of each 2- or 4-letter
block within each word, based on the frequency of occurrence in the
SUBTLEXus corpus.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Trial-level data and derived memorability scores supporting this paper
are available at https://doi.org/10.17605/0SF.I0/DFVJY. Intracranial
datasets generated from this research are not publicly available due to
their containing information non-compliant with HIPAA, and the
human participants from whom the data were collected have not
consented to their public release. They are available on request from
Nitin Tandon (nitin.tandon@uth.tmc.edu).

Code availability
Code for analysing the data is available at https://doi.org/10.17605/
OSF.IO/DFVJY.
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