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Abstract

Despite broad agreement that prediction plays an important role in language, many open
questions remain about these predictions interact with new language input in the brain. In this
study, we used MEG, along with a preliminary analysis of fMRI, to determine whether there are
spatiotemporally distinct patterns of neural activity to words confirming or disconfirming
predictions made following discourse contexts. We find this to be true: In the N400 time window,
we saw modulation of activity in both the lateral and medial temporal lobes to the contrasts
between predicted words and a) words that were unpredicted following a non-constraining
context and b) words which violated predictions after constraining contexts. Between 600 and
1000 ms, we saw modulation of activity in both the left inferior frontal cortex and left lateral
temporal cortex selectively to the contrast between predicted words and words that strongly
violated prior predictions. Results from fMRI partially match, providing a complementary view of
neural activity. We discuss each of these findings in turn, along with possible implications for

predictive processing.
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Spatiotemporal Correlates of Prediction Across Levels of Constraint in fMRI/MEG

Introduction

In order to quickly and efficiently comprehend language, humans make use of
probabilistic predictions. There is robust evidence from behavioral and neuroimaging studies
that we use multiple types of contextual information to predict upcoming input at multiple different
levels of representation. Processing of input consistent with predictions is facilitated (see
Kuperberg & Jaeger, 2015 for a recent review), whereas input that violates our predictions allows
us to adapt to our ever-changing communicative environments (Fine, Jaeger, Farmer, & Qian,
2013; Jaeger & Snider, 2013; Kleinschmidt & Jaeger, 2015; Kuperberg, 2013). In this study, we
propose to use MEG/EEG data, supplemented by functional Magnetic Resonance Imaging
(fMRI) collected using the same paradigm in all participants, to explore the neuroanatomical
networks engaged in semantic predictive processing during the comprehension of three-

sentence discourse scenarios.

Semantic Prediction in Lanquage

Some of the strongest evidence for semantic prediction during language comprehension
comes from event-related potential (ERP) studies of the N400 component. This is a negative-
going ERP waveform that peaks between 300-500 ms from the onset of a given target word. Its
amplitude is highly sensitive to the probability of encountering the semantic features associated
with that stimulus (Federmeier & Kutas, 1999; Kutas & Federmeier, 2011; Kutas & Hillyard, 1984;
Paczynski & Kuperberg, 2012), and it can be conceptualized as reflecting the change in activity
within semantic memory that is induced by a stimulus. If, for example, a preceding context (a
single word, a sentence frame or a whole discourse context) leads us to predict or pre-activate
semantic features, stored within long-term memory, and if an incoming word’s semantic features
are consistent with those features, then that word will induce only a small change in semantic
memory and the amplitude of the N400 that it evokes will be relatively small (less negative). In
this sense, the N40O can be conceptualized as reflecting the facilitation or ease of retrieving

semantic features that have not yet been predicted.

Importantly, while amplitude of the N400 evoked by a given word is highly sensitive to

its semantic predictability, it does not necessarily reflect the lexical predictability (or constraint)
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of its context. Specifically, the amplitude of the N400 is just as large (negative-going) to
semantically improbable words (with probability operationalized using cloze procedures; see
Taylor, 1953) that violate strong lexical predictions in highly constraining contexts, such as in
1b, (DeLong, Troyer, & Kutas, 2014; Federmeier, 2007; Kutas, DelLong, & Smith, 2011) as
semantically improbable words that follow non-constraining contexts, such as in 1c. (these

conditions do, however, pattern differently at a later ERP component discussed below).

(1a) The day was breezy so the boy went outside to fly a kite...
(1b) The day was breezy so the boy went outside to fly a plane

(1c) It was an ordinary day and the boy went outside and saw a plane...

While the time-course of the N400 is remarkably consistent, the neuroanatomical sources
underlying its modulation remain unclear. Work from functional Magnetic Resonance Imaging
(fMRI) contrasting semantically predictable and unpredictable words reveals modulation of
activity within a network of regions that includes the anterior temporal cortex, the left posterior
superior/middle temporal gyrus/sulcus (post-S/MTG), and the left inferior frontal gyrus/sulcus
(left IFG), both when the context constitutes a single word (in semantic priming paradigms; Gold
et al., 2006; Kotz, Cappa, von Cramon, & Friederici, 2002; Kuperberg, Lakshmanan, Greve, &
West, 2008) and when it constitutes a sentence frame (e.g. Baumgaertner, Weiller, & Buchel,
2002; Dien et al., 2008; Hagoort, Hald, Bastiaansen, & Petersson, 2004; Kuperberg,
Lakshmanan, Caplan, & Holcomb, 2006; Kuperberg, Sitnikova, Caplan, & Holcomb, 2003;
Kuperberg, Sitnikova, & Lakshmanan, 2008; see Lau, Phillips, & Poeppel, 2008 for a review).
Because the temporal resolution of fMRI is poor, it has often been unclear which of these regions
specifically mediate semantic facilitation of the target word itself, and which are engaged in
processing to subsequent words and mediating task-related decisions. Two recent semantic
priming studies conducted in our lab, however, used fMRI in combination with both ERPs and
magneto-encephalography (MEG) to localize activity that was specifically modulated within the

N400 time window to the left anterior temporal cortex (Lau, Gramfort, Hamalainen, & Kuperberg,



2013; Lau, Weber, Gramfort, Hamalainen, & Kuperberg, 2014) — a region that may play a role
in mapping widely distributed conceptual-semantic features on to amodal semantic
representations (Patterson, Nestor, & Rogers, 2007; Price, 2012), and, within the left anterior
superior temporal gyrus, may map semantic features on to phonological word-forms (Bonner &
Price, 2013; Visser & Lambon Ralph, 2011). Of note, nearby regions within the anterior temporal
lobe have been reported in intracranial studies of the N400 (Nobre & McCarthy, 1995; McCarthy,
Nobre, Bentin, & Spencer, 1995), as well as in a previous MEG study of sentence
comprehension (Halgren et al., 2002).

Lexico-semantic prediction violation

While the N400 itself does not distinguish between words that violate strong lexical
predictions in highly constraining contexts, and words that are unpredictable because they
follow non-constraining contexts, another ERP component does distinguish between these two
conditions. This is a later positive-going waveform with a frontal scalp distribution, which peaks
between 500-800ms, and which is larger to target words in sentences like 1b than 1c. We will
refer to this as the anterior Late Positive Component (ant-LPC; DeLong, Urbach, Groppe, &
Kutas, 2011; Federmeier, Wlotko, De Ochoa-Dewald, & Kutas, 2007; Thornhill & Van Petten,
2012; Van Petten & Luka, 2012; Wlotko, Federmeier, & Kutas, 2012; for reviews, see Van
Petten & Luka, 2012; Kuperberg, 2013).

The essential difference between 1b and 1c is that 1b requires the comprehender to
abandon her original predictions of the entire specific event (<flying a kite>) (Bicknell, EIman,
Hare, McRae, & Kutas, 2010; Hare, Jones, Thomson, Kelly, & McRae, 2009; Matsuki et al.,
2011; McRae, Ferretti, & Amyote, 1997; McRae, Hare, Elman, & Ferretti, 2005; McRae &
Matsuki, 2009; Metusalem et al., 2012), as well as the semantic features and the word-form of
the incoming word. The ant-LPC may reflect the time it takes to suppress these predictions and
integrate the new bottom-up input into the context in order to comprehend the event actually
being communicated — <flying a plane>. It may also reflect a process of conflict monitoring and
adaptation such that the comprehender modifies her original assumptions that an incoming

word will necessarily be highly predictable with respect to its context, leading her to predict less



strongly on subsequent trials (see also Kuperberg, 2013).

Neuroanatomically, the process of suppressing unfulfilled lexical predictions and
selecting bottom-up input to integrate with the context may be reflected by enhanced activity
within the left IFG — a region that has been associated with semantic suppression and
selection mechanisms in both lesion (Bedny, Hulbert, & Thompson-Schill, 2007; Milberg,
Blumstein, & Dworetzky, 1987; Robinson, Blair, & Cipolotti, 1998; Robinson, Shallice, &
Cipolotti, 2005; Swaab, Brown, & Hagoort, 1998) and fMRI (Bedny, McGill, & Thompson-Schill,
2008; Cardillo, Aydelott, Matthews, & Devlin, 2004; Gold et al., 2006; Mason & Just, 2007;
Rodd, Johnsrude, & Davis, 2012; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997;
Thompson-Schill, D'Esposito, & Kan, 1999; Zempleni, Renken, Hoeks, Hoogduin, & Stowe,
2007) studies (see Novick, Trueswell, & Thompson-Schill, 2010 for a review and see Weber,
2016 for recent evidence associating the left IFG with disconfirmations of lexico-semantic
predictions). The detection and monitoring of conflict between the comprehender’s predicted
mappings and mappings established as the bottom-up input is integrated may be mediated via
connectivity to the anterior cingulate cortex which is thought to play a more general role in
monitoring changes in statistical contingencies (Botvinick, Cohen, & Carter, 2004; Rushworth,
Walton, Kennerley, & Bannerman, 2004), and which is tightly connected to a lateral
superior/middle prefrontal-subcortical network (Botvinick et al., 2004; Dominey & Inui, 2009;
Erb, Henry, Eisner, & Obleser, 2013; Kerns et al., 2004; Munte, 2008; Kotz, Schwartze, &
Schmidt-Kassow, 2009; Osterhout, Kim, & Kuperberg, 2012; Wahl et al., 2008), that may play
a role in learning and adaptation (see Weber, 2016).

The present study

In the present study we aim to use MEG, together with preliminary analysis of fMRI, to
dissociate regions that are engaged in retrieving words that are highly semantically predictable
(versus unpredictable) in relation to their preceding discourse context (associated with the N400
effect), and in integrating words that violate strong lexico-semantic predictions engaged based
on their preceding discourse context (associated with the ant-LPC effect). Our design is based
on a recent ERP study carried out in our lab in which contextual constraint was determined

entirely by two-sentence discourse scenarios. We modeled the hemodynamic response to a



critical NP argument (the critical word) in a third sentence that was preceded by a lexically non-
constraining verb. The critical word either fulfills or violates the lexical constraints of the
discourse context, giving rise to three main experimental conditions (see Table 1). In addition,
our experimental design also manipulates whether or not the critical nouns fulfilled the semantic-
thematic restrictions of their preceding verbs, but contrasts involving this condition will not be
reported here, as this thesis focused on studying the prediction at the lexical-semantic level. We
examined two pair-wise contrasts across the included conditions: (a) lexically expected critical
words in highly-constraining contexts versus lexically unexpected words in non-constraining
context; (b) lexically expected versus lexically violated critical words in highly-constraining

contexts.

To identify regions engaged in semantic retrieval, we examined regions that are
commonly activated in both contrasts (a) and (b). Based on our previous multimodal work using
a semantic priming paradigm (Lau et al, 2014), we hypothesized that that this would reveal
activity within the left lateral temporal cortex in MEG, with fMRI more precisely localizing activity
to the left lateral anterior portion of superior temporal cortex. In concordance with the time course
of semantic prediction effects from EEG (N400 effects), we expected MEG activity in the left
lateral temporal cortex to peak between 300 and 500 ms. Additionally, following results from
intracranial studies, we expected to see activity in the left medial temporal cortex (Nobre &
McCarthy, 1995; McCarthy, Nobre, Bentin, & Spencer, 1995). To identify regions specifically
associated with the integration of inputs that violate lexical predictions in highly constraining
contexts, we examined regions that are modulated in contrast (b), but not (a). Based on our
previous fMRI study examining semantic priming in highly predictive experimental environments
(Weber, 2016), we predicted that this will reveal activity within the left inferior frontal cortex and
the left posterior superior/middle temporal gyrus/sulcus (post-S/MTG), regions which together
are thought to mediate the suppression of unfulfilled semantic predictions and lexico-semantic
processing of new unexpected input. In concordance with the time course of lexical violation
effects from EEG (ant-LPC effects), we expected MEG activity in these regions to peak between
600 and 1000 ms.



Methods

Participants

Thirty-three volunteers participated in both EEG/MEG and fMRI sessions (17 females,
mean age: 24 years; range 18-35 years), with additional two male volunteers (mean age: 21
years) participating in only the fMRI session. All participants were right-handed as determined
by the modified Edinburgh Handedness Inventory (Oldfield, 1971; White and Ashton, 1976).
They had normal or corrected-to-normal vision and native speakers of English (with no other
language exposure before). In addition, volunteers did not take any medication and were
screened to exclude the presence of psychiatric and neurological disorders. Written consent was
obtained from all participants before participation according to the established guidelines of the
Massachusetts General Hospital Institutional Review Board. The EEG/MEG data of one
participant was excluded due to technical problem, while the fMRI data of four participants were
excluded due to either technical difficulty (two male participants), excessive movement (one
male participant) or early termination of the experiment by the participant (one female
participant). In the end, we reported data from 32 EEG/MEG datasets (16 females, mean age:
23 years; range 18 -35 years) and 31 fMRI datasets (16 females, mean age: 23 years; range
18-35 years), with 29 participants (15 females, mean age: 23 years; range 18 -35 years)
participating in both the EEG/MEG and fMRI sessions.

Experimental design

We used three conditions (see table 1) to compare the effects of lexical constraint and
lexical violation during the reading of short narrative passages: a highly lexically constraining
context with an expected critical word (thus there is no violation, and there is a lexical-semantic
facilitation from strong prediction), a highly lexically constraining condition where the critical word
violates the strong lexical prediction (thus there is lexical-semantic violation and meanwhile no
lexical-semantic facilitation), and a non-constraining lexical context with unexpected words (and
thus no lexical-semantic violation or facilitation). In all three conditions, the critical word has been

selected to be plausible in the context (even if it violates a strong lexical prediction, as in the



High constraint unpredicted condition). We are interested in three comparisons. First, the
comparison between the high-constraint-unexpected and high-constraint-predicted conditions
allows us to examine the lexical retrieval effect as well as the lexical-semantic violation effect.
Second, the contrast between the high-constraint-unexpected and low-constraint-unexpected
condition reflects the lexical-semantic violation given that both conditions require lexical-
semantic retrieval from long-term memory. Finally, the comparison between the high-constraint-
unexpected and the low-constraint-unexpected conditions relates to lexical-semantic retrieval

effort as both conditions involve no violation.

Additionally, two other conditions were included in the experiment that are not analyzed
further here: a high- and a low-constraint condition where the critical word violates the selection-
restriction of the verb in the sentence, leading to an implausible sentence. Since the thesis
focused on studying the prediction at the lexical-semantic level, we did not include these two

conditions in the final analyses.

Construction of stimuli & lists

In order to develop the stimuli and to verify the predictability of the contexts and the
predictability of the critical words, we carried out a series of cloze norming studies, as described
below. For these cloze norming studies, participants were recruited through Amazon Mechanical
Turk. No participant who took part in these norming studies took part in the fMRI or MEG/ERP
experiments, and no individual took part in more than one cloze study. Informed consent was
obtained for all these participants, and they were compensated for their time. Participants were
asked to complete each context with the first word that came to mind (Taylor, 1953), and in an
extension of the standard cloze procedure, to then provide two additional words that could
complete the sentence. Prior to viewing the experimental stimuli, participants completed a
guided practice. Participants were excluded if there was early language exposure other than
English, self-reported psychiatric iliness, neurological iliness, neurological damage including
stroke and concussion, or current treatment with psychoactive medication. In addition, “catch”
questions were used to identify and omit bots (computer programs designed to automatically

complete paid surveys). Finally, outlying participants were omitted from the ratings, as defined



by being an average of two standard deviations or more away from the mean rating for each

word.

Selection of verbs

For the critical sentences in the current experiment, we aimed to only include transitive
verbs that, without preceding context, were not predictive of any particular upcoming direct
object. We established the lexical constraint of the verbs in a cloze probability norming study. In
this study, 600 verbs were inserted into simple active, past tense sentence stems that consisted
of only a proper name, the verb, and a determiner (e.g., ‘Harry explored the...’).

Between 89 and 106 participants (depending on list) who met inclusionary criteria (see
above) provided completions for each verb. Approximately 200 verbs were selected for which
the maximum cloze value of any particular noun (i.e., lexical constraint) did not exceed 22%.
About half of the verbs selected for an animate noun as a direct object, and about half selected

for an inanimate noun.

Construction of high constraint and low constraint scenarios:

To create our scenarios, we first wrote two scenarios for each of the non-lexically
constraining verbs. One scenario was evocative of a particular event and used a high constraint
context that served to increase predictability for a specific target direct object once the verb was
encountered (e.g. ‘The lifeguards received a report of sharks right near the beach. Their
immediate concern was to prevent any incidents in the sea. Hence, they cautioned the ..., which
constrains for the specific word, ‘swimmers’). The other scenario described an event that could
be encountered in many different situations and used a low constraint context to maintain a low
predictability for any given direct object (e.g. ‘Eric and Grant received the news late in the day.
They decided it was better to act sooner than later. Hence, they cautioned the ..., which
constraints for multiple possible nouns). In all these scenarios, the contexts constituted two
sentences (average number of words in contexts is 20.6, matched across constraining vs. non-
constraining contexts) and a third carrier sentence, which was identical across constraining vs.
non-constraining scenarios. This third carrier sentence always consisted of an introductory

phrase 1-4 words long which was composed of a subject (always a pronoun), the verb, a



determiner, a noun which served as the critical word for one of the experimental conditions and
then three more words which were compatible with both the high constraint and the low
constraint contexts (e.g. ‘Hence, they cautioned the swimmers to be wary.’, where ‘swimmers’

is the critical word), see Table 1.

Verification of contextual constraints:

To confirm the effectiveness of the lexical constraint manipulation, an additional cloze
probability norming study was conducted for the constructed scenarios. The scenarios were
pseudorandomly divided into two lists, such that each list contained only one of the two contexts
associated with each verb. The two lists were then divided into thirds to decrease time demands
on any individual participant during cloze norming. Each list of 66 scenarios contained an equal
number of high and low constraint contexts. The lists were also balanced for animacy restrictions
of the verb and the gender of the referent(s) in the contexts. Volunteers were to complete each
context with the first word that came to mind, and then to provide two additional completions for
each context. Between 51 and 69 participants who met inclusionary criteria (see above) provided
completions for each scenario. Item sets were included in the experimental materials only if the
lexical constraint for the high constraint context was greater than 60% and the lexical constraint
for the non-constraining context was less than 50%. For the final 100 item sets, the high
constraint contexts had a mean lexical constraint value of 79% (SD=10.1%), and the low

constraint contexts had a mean lexical constraint value of 26% (SD=10.1%).

Construction of scenarios in the experimental conditions:

Three versions of each item set comprised the three experimental conditions analyzed in
this paper, see Table 1. First, we paired the high constraint contexts with the direct object with
the highest cloze probability to construct the High constraint lexically predicted scenarios.
Second, we paired the high constraint contexts with direct object nouns that were rarely
produced as continuations (i.e. had near zero cloze), but that were still plausible in relation to
these contexts to form the High constraint lexical prediction violation scenarios. Third, we paired
these nouns with low constraint contexts, checking that they were rarely produced as
continuations (i.e. had near zero cloze) and that they were plausible in relation to these contexts,

to create the Low constraint unpredicted scenarios.



Construction of final stimulus lists: Counterbalancing and addition of filler items

The experimental stimuli were then counterbalanced across four lists such that each
participant saw each of the critical words in only one of the experimental conditions, and only
one version of each item set. Within each list, there were 100 experimental items, 25 items in
each of the 4 conditions. About half of the items in each of the conditions contained a verb that
was animate-selecting and half contained a verb that was inanimate-selecting. Then 100 filler
items were added to each of the four lists for two purposes: first, to balance the number of
constraining and non-constraining contexts, and second, to balance proportion of plausible and
implausible direct objects across the full set of items and also within each level of constraint.
Filler items constituted three conditions: 25 High constraint lexical & Selection Restriction
violation scenarios, 25 Low constraint unpredicted scenarios, and 50 scenarios in which low
constraint contexts were paired with critical words that violated the animacy selection restrictions
of the preceding verb, termed Low Constraint Selection Restriction violation scenarios. Fillers
were identical in structure to the experimental items. Indeed, the only difference between the

filler and experimental items was that filler items were not counterbalanced over the four lists.

Thus, to summarize, each participant read 200 scenarios, of which 100 had contexts that
were high constraint and 100 which had low constraint contexts. Of the high constraint scenarios,
25 had lexically predictable nouns, 25 had lexical prediction violations, and 50 had lexical and
selection restriction violations. Of the low constraint scenarios, 50 had unpredictable but
plausible nouns and 50 had selection restriction violations. Thus, for each level of contextual
constraint (high constraint and low constraint), half of the scenarios were plausible and the other

half were implausible (with selection restriction violations).

We also constructed yes/no questions that would follow 24 of the filler trials (12 following
Low constraint unpredicted filler scenarios, and 6 following Low Constraint Selection Restriction
violation filler scenarios, and 6 following High constraint selection restriction violation scenarios).
These questions were designed to require an inference based on the entire scenario, rather than
just the third sentence. Their purpose was to encourage participants to pay attention to and
comprehend the scenarios as a whole, rather than focusing on the third sentence, as participants
could learn that the acceptability judgement task could be completed based on the third sentence

alone. Half of the questions following each of these filler types were YES questions and half
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were NO questions. As much as possible, the questions were designed to be answerable even
if following a selection restriction violation filler. For example, “Allison had to put in more hours
for the case that week. She would need someone to look after her children on Thursday and
Friday. After making a call, she hired a valley with great reviews.” was followed by “Are Allison’s

children little”? with the intended answer of “YES”.

Characteristics of critical words in the experimental and filler conditions.

The lexical characteristics of critical words in the experimental and filler items are
summarized in Table 2. Note that, for three of the experimental conditions (High constraint lexical
prediction violation, High constraint lexical & Selection Restriction violation and Low constraint
unpredicted scenarios), and for the three filler conditions, critical words (e.g., ‘trainees’ in the
example in Table 1) were identical across different items and so their lexical characteristics were
perfectly matched. These lexical characteristics were also matched between the filler and
experimental conditions. For the experimental items, critical words (e.g., ‘swimmers’ in the
example in Table 1) in the High constraint lexically predicted scenarios were, on average,
significantly shorter (fewer letters, all ts (198) = 6.42, p <0.001), more frequent all ts(198) = 8.30,
p <0.001), higher in orthographic neighborhood density all ts(198) = 6.56, p < 0.001), and earlier
acquired (all ts(198) = 6.68, p < 0.001) than the critical words used in the other three

experimental conditions.

We also quantified the semantic relatedness between the critical words and their prior
contexts in all conditions by calculating semantic similarity values (SSVs) using Latent Semantic
Analysis (LSA, Landauer & Dumais, 1997; Landauer, Foltz, & Laham, 1998), using term-to-term
comparison between the critical word and its preceding context (all words in the two discourse
context sentences as well as the third sentence up to the point of the critical word), see Table 1.
As expected, there were significant differences in SSVs between the High constraint lexically
predicted scenarios and all other conditions (all ts > 8, ps < 0.001). Importantly, there were no
significant differences in SSVs between the High constraint lexical prediction violation, and Low

constraint unpredicted scenarios (1(198) = 0.17, p > 0.5).

Counterbalancing across fMRI and MEG sessions

11



Because each participant in our multimodal study took part in both an fMRI and an MEG
session, we aimed to minimize any effects of stimulus repetition across these two sessions in
five ways. First, at least 2 weeks intervened between fMRI and MEG sessions. Second, we
counterbalanced the order of the fMRI and MEG sessions across participants. Third, each
participant viewed a different list in the fMRI and the MEG session. This ensured that there was
no repetition of the low constraint contexts across the two sessions, although this would have
still left two-thirds of the scenarios with high constraint contexts being repeated across sessions
(even though they would be paired with critical words of a different condition). Forth, to reduce
the chances that participants noticed this repetition of these high constraint context scenarios
across the two sessions, we constructed a second set of the four lists in which we changed
proper names and small details in the high constraint contexts that would have minimal impact
on cloze probability/lexical constraint. For example, the original scenario “Edgar spent all day
ignoring the problem with the door. It squeaked whenever he opened it. Finally, he greased the
hinges with the oil.” was altered to “Jason spent all day ignoring what was wrong with the door.
It couldn’t be opened without squeaking. Finally, he greased the hinges with the oil.” Half of the
participants saw the original versions in their first session and the altered versions in the second
session and vice-versa for the other half. We adopted this same strategy for the filler items: half
of the participants would see the original version in session 1 and the modified version in session
2 and vice-versa for the other half. Additionally, for each of those subgroups (participants who
saw the original vs altered stimuli in session 1 vs session 2), half participated in fMRI during their
first session and half participated in MEG during their first session. And, within each of these
sets of participants, each of the main experimental lists was given to an equal number of
participants. In other words, experimental lists, stimulus version, and neuroimaging session
modality was fully counterbalanced. Fifth, the following constraints were placed on the
counterbalancing scheme for each set of high constraint context scenarios in the second
session: (1) if a participant had seen a particular High constraint lexically predicted scenario in
session 1, s/he would see its corresponding High constraint lexical prediction violation scenario
in session 2; (2) if a participant had seen a particular High constraint lexical prediction violation
scenario in session 1, s/he would see its corresponding High constraint lexical & Selection
Restriction violation scenario in session 2. Sixth, different comprehension questions appeared

in the two sessions, in the same proportions across both sessions.
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Additionally, for 50 of the lexically non-constraining filler contexts, the nouns that create
an Unpredictable (non-violating) direct object were swapped around the items (typically pairing
with an item of opposite animacy preference) to create the Selection Restriction Violation fillers.
These items were separately counterbalanced across participants; thus, this contrast can be
analyzed within the filler items with lexical characteristics perfectly controlled, even though the
Event Structure Violation condition is not counterbalanced with the main experimental items. For
the remaining filler items with Selection Restriction Violations in lexically non-constraining
contexts and the Lexical Prediction & Selection Restriction Violations in lexically constraining
contexts, the same words were swapped among items across the two sessions to avoid

repeating the word with the same verb.

fMRI Procedure and Data Analysis

fMRI Stimuli Presentation and Task

Experimental and filler scenario trials were pseudorandomly presented amongst
additional fixation trials in which subjects were asked to fixate on the green “++++” symbol for
variable durations, ranging from 2-18 seconds (average 6.2 seconds). The order of stimuli and
these fixation trials within each run was randomized using the OptSeq2 algorithm (Burock,
Buckner, Woldorff, Rosen, & Dale, 1998). Stimuli were presented over 8 runs, each of 25 trials.
Each run lasted 476 seconds (including 70 seconds of fixation). The runs were presented in

random order for each participant.

Using PsychoPy 1.83 software (Peirce, 2007), stimuli were projected onto a screen in
white Arial font set to 0.1 of the screen height. During scanning, the first two context sentences
were presented successively in full on the screen, each for 3900 ms with an inter-stimulus
interval (ISI) of 100 ms. The third sentence was then presented word-by-word; each word
appeared on the screen for 450 ms with an ISI of 100 ms separating words (thus the stimulus
onset asynchrony between successive words in the final sentence was 550 ms). Given that the
third sentence constituted 8-11 words, it lasted between 4400 ms and 6050 ms. The final word
of the last sentence was followed by a “?” presented for 1400 ms and a 100 ms ISl that cued

participants to make their responses. Depending on the number of words in the third sentence,
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a green fixation consisting of “++++” appeared for either 0 ms or between 450-1550 ms with a
100 ms ISI, so that each trial lasted 16 s total. A “non-slip” routine timer was used in PsychoPy
to prevent accumulation of timing errors due to waiting for the screen refresh to present stimuli,

thus keeping the stimulus presentation synced with the scanner.

Participants’ task was to press one of two buttons on a handheld response box (using
the index and middle fingers of their left hand), depending whether they judged the discourse
scenario to “make sense”. Participants’ judgments and their response times (RTs) were
recorded. In all cases, participants used their left hand to make their response and the fingers
corresponding to responses were counterbalanced across subjects. Participants were instructed
to wait until the “?” cue before responding. In addition, 24 of the filler trials (12 following Low
constraint unpredicted filler scenarios, and 6 following Low Constraint Selection Restriction
violation filler scenarios, and 6 following High constraint lexical prediction violation scenarios)
were followed with a yes/no question about the immediately preceding trial. This question
appeared on the screen for 1900 ms and a 100 ms ISI, and participants answered the questions
with a button press. A short practice session (with different scenarios not used in the
experimental session) was conducted outside of the scanner to familiarize participants with the
stimulus presentation and the judgment task.

fMRI Data Acquisition

Structural and functional magnetic resonance images were acquired using a 3T Siemens
Trio scanner using a 32-channel head coil. FMRI data were acquired over 8 runs, each lasting
for approximately 8 minutes. In each run, 238 functional volumes (87 axial slices, 1.5 mm slice
thickness, 204mm field of view, in-plane resolution of 136mm) were acquired with a gradient-
echo sequence (repetition time = 2 s, echo time = 30 ms, echo spacing = 0.65 ms, flip angle =
80 degrees). Acquisition angle was raised to approximately 20 degrees off the AC-PC line (T ->
C -20) in order to reduce distortion along the anterior temporal lobe. Due to a priori hypotheses
about the involvement of the anterior temporal lobe in our study, we always made sure that the
entire temporal lobe was scanned. If the acquisition window could not fit the whole brain, data

from the superior posterior frontal lobe and the superior parietal lobe (thus data from the top of
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the head) were not acquired. Slices were acquired three at a time, using an interleaved
simultaneous multi-slice protocol with a GRAPPA acceleration factor of 2. Structural images
were acquired as T1-weighted high-resolution structural images (1mm isotropic multi-echo
MPRAGE: TR = 2.53 s, flip angle = 7 degrees, 4 echoes with TE = 1.69 ms, 3.55 ms, 5.41 ms,
and 7.27 ms).

fMRI Preprocessing

Functional volumes were preprocessed using SPM12
(http://www fil.ion.ucl.ac.uk/spm/software/spm12, Litvak et al., 2011) and Matlab 2014b (The
MathWorks, Inc., Natick, Massachusetts, United States). The first volume of each run was
realigned to the first volume of the first run, and all images within one run were realigned to the
first image of that run. The resulting images were slice-time corrected and co-registered to the
structural MPRAGE image, using the mean functional image as the source image. We
segmented the structural image into grey and white matter, and used the spatial normalization
parameters that were acquired during this step to normalize the functional images. Images were

smoothed with an 8 mm FWHM Gaussian kernel.

fMRI Analysis

Single subject and group analyses were performed using the general linear model
framework in SPM12. First, the BOLD timecourse in each voxel of one individual is subjected to
a regression analysis. All regressors of interest were convolved with a canonical hemodynamic
response function (HRF). We included regressors for each of our critical word conditions: these
were modeled as epochs (from onset of critical word to offset sentence final word). Separate
regressors were included for context (onset of the first sentence in the trial to onset of critical
word) and question mark events (onset of question mark until onset of inter-trial fixation). Finally,
we added regressors of no interest (i.e. not convolved with the HRF function) to account for
motion: for each subject, we added the six realignment parameters (three translational and three
rotational movement parameters) and we added extra regressors for volumes where there was

more than 1.5 mm of movement between successive volumes (on average, we added
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regressors for 0.22% (SD 0.36) of volumes per participant). Runs requiring regressors for more

than 5% of volumes (1.17% of runs) were excluded from further analysis.

Next, we included the beta images that were estimated for each participant for the three
critical word conditions we are interested in here in a second level group model: a within-subjects
ANOVA. We report whole-brain results at a voxel-level threshold of p < 0.001 and a cluster-level
familywise error corrected (FWE) threshold of p < 0.05. All reported coordinates are in MNI

space.

MEG Procedure and data analysis

MEG Data Acquisition

The EEG-MEG data were acquired while participants were seated inside a magnetically
shielded room (IMEDCO AG, Switzerland). The MEG data were acquired with a Neuromag
VectorView system (Elekta-Neuromag Oy, Finland) with 306 sensors arranged in 102 triplets of
2 orthogonal planar gradiometers and 1 magnetometer. EEG data were acquired at the same
time using a 70-channel MEG-compatible scalp electrode system (BrainProducts, Minchen) and
referenced to an electrode placed on the left mastoid; an electrode was also placed on the right
mastoid to confirm that the reference did not incorporate measurable lateralized brain activity. A
ground electrode was placed on the left collarbone. EOG and ECG data were collected with
bipolar recordings; vertical EOG with electrodes placed above and below the left eye, horizontal
EOG with electrodes placed on the outer canthus of each eye, and ECG with electrodes placed
a few centimeters under the left and right collarbone. Impedance was kept less than 20 kQ for
all scalp sites, less than 30 kQ for ECG and EOG sites, and less than 10 kQ for mastoid sites,
unless time constraints dictated that EEG preparation should cease. Both EEG and MEG data
were acquired with an online bandpass filter of 0.03-300Hz and were continuously sampled at
1000Hz.

To record the head position relative to the MEG sensor array and to co-register the EEG-
MEG and MRI coordinate frames, the locations of three fiduciary points (nasion and two
auricular), four head position indicator coils, the EEG electrodes, and at least 100 additional
points were digitized using a 3Space Fastrak digitizer (Polhemus, Colchester, VT, USA)

integrated with the Vectorview system. During the EEG-MEG recording the coils were used to
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measure the position and orientation of the head with respect to the MEG sensor array at the

beginning of each block of trials.

MEG Stimuli Presentation and Task

The stimulus presentation and task were similar for the fMRI session, except for minor
differences in timing. Each trial began with a variable ISI randomly jittered between 100 and 500
ms, and then a green fixation consisting of “++++” was presented for 900 ms with a 100 ms ISI.
Frame-based timing, which syncs stimulus presentation to the frame refresh of the monitor, was
used in order to get more accurate durations for stimuli. So, for example, a 450 ms word

presentation would be displayed for exactly 27 frames on our 60hz monitor.

MEG Preprocessing

The MEG data were analyzed using version 0.13 of the minimum norms estimates (MNE)
software package (Gramfort et al. 2014) in python. MEG channels with excessive noise (2.3%
of MEG channels on average) were identified visually and removed from further analysis. Eye-
movement and blink artifacts were automatically marked with the algorithms recommended in
the MNE-python. In order to correct ECG artifacts, we used signal-space projection (SSP)
correction (Uusitalo and limoniemi, 1997). A bandpass filter at 0.1 to 30 Hz was applied. After
that, we segmented epochs from -100 to 1000 ms relative to the onset of each critical word.
Additionally, we excluded epochs that exceeded certain thresholds: 4e-10 mv for gradiometers,

4e-12 mv for magnetometers.

Source Estimation

The current distribution was estimated using minimum-norm estimate (MNE; Hamalainen
and Sarvas, 1989) via MNE-python (Gramfort et al. 2014). First, the forward model for each
participant was computed using a single compartment boundary element model from the T1

MPRAGE image (Hamalainen and Sarvas, 1989). Skull surface triangulations were generated
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using the watershed algorithm in FreeSurfer. The cortical source space consisted of 4098
vertices per hemisphere, with a spacing of 4.9 mm between adjacent source locations. Then, a
noise covariance matrix was calculated from epochs ranging from 100 to 750 ms relative to

fixation onsets where no eye-movement or blink artifacts or excessive deviations occurred.

After that, the inverse solution for each participant was computed using the forward
model, the noise-covariance matrix, and the sensor location. We applied a loose constraint to
the source model (Lin et al., 2006). The orientations of the dipoles were approximately
constrained to the cortical normal direction by reducing the variance of the source components
tangential to the cortical surface by a factor of 0.2. Additionally, we used depth weighting in order
to reduce the bias of the minimum norm estimates toward superficial vs deeper currents (Lin et
al., 2006). The inverse solution was then applied to the evoked response for each condition
within each participant. Only the activity in the direction perpendicular to the cortex was used in
further analysis. However, the directionality of the dipole within the perpendicular dimension was
maintained, as indicated by the signed values: positive values indicate an outgoing current, while
negative values indicate an ingoing current. The signed values allowed us to increase the signal-
to-noise ratio after combining the experimental and the filler items. Moreover, the signed values
provided extra information regarding the directionality of the dipoles. After that, we obtained
noise-normalized dynamic statistical parametric maps (dSPM; Dale et al., 2000) of the cortical
surface at each time point for each participant. Finally, the current estimates obtained from
individual participants were morphed to the FreeSurfer average brain “fsaverage” (Fischl et al.,
1999b) for group-average and statistical analysis (see Statistical Permutation test).

Statistical Analysis

In order to correct for multiple comparisons across time points and spatial locations, we
employed a novel permutation-based approach. As with traditional permutation-based
approaches, our method took advantage of effects’ tendency to cluster together in space and
time. However, we found traditional methods for finding clusters to be a poor fit for our source-
localized dataset. As we used signed data, adjacent components of dipoles that may be part of

the same underlying effect might not be included in a cluster, as ingoing and outgoing currents
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have different signs and are separated by a zeroed region. Additionally, effects were sometimes

disconnected in time due to a relatively low signal-to-noise ratio.

In order to get the cluster-level statistics, at each vertex and time point, we carried out
pairwise t-tests to the signed dSPM values between two conditions across 32 participants. This
resulted in uncorrected p values at all vertices and time points. All data points that exceeded a
pre-set uncorrected significance threshold of 5% (i.e., p <= 0.05) were -log10 transformed (e.g.,
-log10(0.05) ~ 1.3, -log10(0.001) = 3) and the rest were zeroed. In order to yield clusters over
space, we divided the brain surface into 453 regions (229 regions in left hemisphere, 224 regions
in right hemisphere) on the basis of the Desikan-Killiany Atlas (Desikan et al., 2006). Then, we
summed the transformed p values within each spatial region of interest (ROI). This allows for
each side of the dipole (ingoing or outgoing) to be considered as one ‘cluster’ as the opposite
dipoles were supposed to be generated by one dipole with stronger activity. In order to yield
cluster over time, we defined two time windows of interest based on previous ERP findings: 300-
500ms, 600-1000ms. The summed-p values within each spatial ROl was further summed across
all time points within each time window so that the cluster survived transient discontinuities. We
constrained the permutation test to the classical language-related areas in the left hemisphere
(116 regions) and their counterparts in right hemisphere (116 regions) (see Fig. 2 for an
illustration of the spatial ROIs). In order to account for the slightly different number of data points
across different spatial ROls, the cluster-level statistics were normalized by dividing the summed
values with the number of vertices and time points within one spatial and time ROI. The
normalized cluster-level statistics in each spatial ROl and time window was tested against a

permutation distribution.

A null distribution was created by randomly assigning the dSPM values across the two
comparing conditions at each vertex and time points within each participant. The cluster-level
statistics were calculated as described above and the largest cluster-level statistic for each
permutation constituted the permutation distribution. We permuted the data 10,000 times. Then
we compared the observed cluster-level statistics against the null distribution. Any clusters falling

within the highest or lowest 2.5% of the distribution was considered significant.
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Results
MEG results

In order to visualize the differences in source space activation patterns between
conditions, we first conducted pairwise t-tests for all vertices and time points. We then averaged
the uncorrected p-values (after -log10 transformation) in two time windows and mapped them
onto the cortical surface (Figures 3 and 4). In order to correct for multiple comparisons, we
conducted permutation-based statistical tests to detect brain regions that showed reliable
differences between conditions. Brain regions showing significant or marginally significant
effects were circled with red or white circles for each contrast (Predicted words after constraining
contexts vs. a) words that were unpredicted following a non-constraining context and b) words
which violated predictions after constraining contexts) in two time windows (300-500ms: Figure
3; 600-1000ms: Figure 4).

In the 300-500ms time window, we found reduced activity within the left superior temporal
and fusiform cortex (circled in Figure 3) for the highly predictable critical words in high constraint
contexts compared to each unpredicted condition. In addition, the predicted and unpredicted
words elicited activity with the opposite polarity within the left medial temporal cortex, resulting
in significant clusters in the medial temporal cortex (including parahippocampal and entorhinal

cortex).

In the 600-1000ms time window (Figure 4), the critical words in the lexical violation
condition produced stronger activation within the left inferior frontal cortex (p < .05). Interestingly,
compared to the highly predictable words in high constraint contexts, the words that violated
strong lexical predictions elicited greater activation within the left middle temporal cortex (p =
.071).

In sum, in the N400 time window (300-500ms), compared to the highly predictable words,
all unpredicted words produced stronger activation over lateral temporal lobes (including
superior, middle temporal cortex and temporal pole) that extended to supramarginal cortex, as
well as left fusiform. In addition, the unpredicted and predicted words elicited activity with the
opposite polarity within the left medial temporal cortex. In the late positivity time window (600-

1000ms), all unpredicted words elicited stronger activation over the left inferior frontal cortex
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compared to the highly predictable words. However, the words that violated strong lexical

prediction elicited greater activation within the left middle temporal cortex.

fMRI results

Results of our two contrasts are summarized in tables 3 (unpredicted words following
non-constraining contexts minus predicted words) and 4 (words which violated predictions after
constraining contexts minus predicted words). Compared to predicted words, words in each of
the unpredicted conditions showed stronger activation in left inferior frontal cortex. In addition,
the contrast of unpredicted words following non-constraining contexts minus predicted words
showed a significant cluster in the middle/anterior cingulate cortex (extending into left SMA). The
contrast of words which violated predictions after constraining contexts minus predicted words
showed additional activity in left temporal cortex (fusiform; middle/inferior temporal gyrus), left
inferior parietal lobule (including angular gyrus), left middle/superior frontal cortex (lateral and
medial, extending into middle cingulate and SMA), right inferior frontal cortex (LIFG, pars

orbitalis and insula).

Discussion

In this study, we aimed to determine whether there are spatiotemporally distinct patterns of
neural activity to words confirming or disconfirming predictions using MEG and fMRI. This study
expands upon previous work by both disentangling the effects of semantic facilitation on
predictable words from the process of suppression/selection of initial predictions following words

that violate predictions, and by providing participants with a rich, multi-sentence context.

In line with our predictions, MEG showed greater activity in the temporal lobes to
unpredictable and lexically violating critical words compared to predictable words between 300 and
500 ms post-stimulus. Later MEG activity, between 600 and 1000 ms, showed no significant
differences in activity for unpredictable words in non-constraining contexts vs predictable words.

Instead, in this time window, participants showed greater neural activity selectively to lexically
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violating vs predictable words in the left inferior frontal cortex and left lateral temporal lobe. Data

from fMRI was partially consistent with the MEG findings, but also showed important differences.

Below, we will first interpret our MEG results in light of the broader literature, after which we
will examine our fMRI findings in light of the MEG findings, exploring possible reasons for any
discrepancies between them. Finally, we will return to the main question of whether confirmed vs

violated predictions engage distinct spatiotemporal pathways.

MEG findings: Early time window (300 - 500 ms)

In the N400 time window, we saw modulation of activity in both the lateral and medial
temporal lobes to the contrasts between predicted words and a) words that were unpredicted
following a non-constraining context and b) words which violated predictions after constraining
contexts. In particular, activity in the lateral temporal lobes appears to be reduced to predicted
words compared to both a) and b). We interpret this reduction in activity in the lateral temporal
lobes as reflecting lexico-semantic facilitation stemming from the confirmation of prediction. This is
in line with our hypotheses: activity in the lateral temporal lobes has been previously reported in
fMRI studies of predictable vs unpredictable target words following both single word contexts
(semantic priming; Gold et al., 2006; Kotz, Cappa, von Cramon, & Friederici, 2002; Kuperberg,
Lakshmanan, Greve, & West, 2008) and sentence frames (e.g. Baumgaertner, Weiller, & Buchel,
2002; Dien et al., 2008; Hagoort, Hald, Bastiaansen, & Petersson, 2004; Kuperberg, Lakshmanan,
Caplan, & Holcomb, 2006; Kuperberg, Sitnikova, Caplan, & Holcomb, 2003; Kuperberg, Sitnikova,
& Lakshmanan, 2008). In addition, it is consistent with MEG studies of semantic facilitation within
the N400 time window (Halgren, 2002; Simos, 1997; Helenius, 1998; Maess 2016). In particular, it
accords with MEG results from a recent study using a paradigm to isolate top-down prediction
effects, which found greater activity to unpredictable target words in the anterior portion of the
lateral temporal lobe when predictions were more likely to be confirmed, with converging evidence
from fMRI (Lau et al, 2016). The left lateral temporal lobe activity observed within the N40O0 time
window in Lau et al (2016) appeared to be more posterior than the results in the current study.
Examination of sub-threshold activity in the current study, however, revealed that the cluster in the

left lateral temporal lobe extended to include more anterior regions.
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The medial temporal lobe’s involvement in semantic retrieval has not been as widely
reported in the MEG literature (see e.g. Lau, 2013; 2015; 2016; Halgren, 2002; Uusvuori, 2008;
Helenius, 1998; Service, 2007; Marinkovic, 2003). However, Simos et al (1997), reported medial
temporal lobe activity in two of their 7 subjects in the N400 window to anomalous vs predicted
words, and more recently, Maess et al (2016) observed activity in this region in their grand average

results in a paradigm manipulating constraint.

Despite not showing up as robustly in MEG studies, medial temporal lobe activation is
consistent with results from intracranial studies of semantic priming during the N400 window
(Nobre & McCarthy, 1995; McCarthy, Nobre, Bentin, & Spencer, 1995). Other intracranial
studies with paradigms associated with N400 modulation, such as repetition priming, have also
reported modulation in this area (McDonald, 2010; Smith, 1986).

Interestingly, our finding is not that there is difference in absolute levels of activity in the
medial temporal lobe for unpredictable or lexically violating words vs predictable words. Instead,
investigation of means for each condition revealed that the polarity of activation was the opposite
for unpredictable or lexically violating words vs predictable words, relative to our fixation baseline.
This suggests that the medial temporal lobe may be involved in processing both inputs that do and

do not match with predictions, possibly with a distinct role for each.

That this modulation manifests as a polarity inversion (rather than difference in absolute
level of activity) may help explain why medial temporal lobe findings in this particular contrast are
relatively rare in the MEG literature. In particular, MEG analysis streams that do not preserve
directionality of dipoles would likely not be able to pick up on differences between conditions.
Additionally, MEG is relatively less sensitive to activity occurring deeper in the brain, as magnetic

activity drops off quickly and deep-brain regions are necessarily far away from the MEG sensors.

The appearance of medial temporal lobe activity modulation between predictable and
unpredictable or violating target words lends credence to the idea that this area plays a key role in
online language comprehension (see Duff & Brown-Schmidt, 2012 for review). This idea is
buttressed by evidence from lesion studies, where patients with hippocampal amnesia have
difficulty with declarative memory following even minimal delays (Hannula et al., 2006; Barense et
al., 2007; Warren et al., 2010). These deficits in declarative memory suggest impairments in ability

to bind together or maintain information, both necessary tasks for the comprehension of discourse.
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Further, intracranial studies show greater hippocampal involvement in highly-constraining
sentences, where predictions can be made about upcoming input, during the processing of the

sentence itself, suggesting an active role in the processing of language input (Pial et al, 2016).

MEG finding: Late time window (600 - 100 ms)

In the late time window, we observed distinct patterns of brain activity to target words that
were unpredicted because they followed low constraining contexts versus those that violated a
strong prediction. In particular, we observed more activity within left inferior frontal cortex and left
lateral temporal cortex selectively to words that strongly violated a prior prediction, compared to
words that were expected. No such modulation was seen to low constraint unpredictable versus
expected target words (although there appeared to be some activity within the left IFG when

looking at the uncorrected p values maps).

We interpret greater activity within the left IFG to lexically violated versus predictable target
words as reflecting the processes of suppressing violated predictions and selecting (or enhancing)
new bottom-up input. The processes of suppression and selection here may act on many levels.
Predictions at the point of receiving the critical word may include such diverse features as the
semantic features and orthographic or phonological word-form of the constrained-for word, as well
as higher-level representations of the underlying event linking the predicted word to the existing
context. As features at each of these levels may conflict with incoming input and cause
interference, the comprehender must select between the features of the original prediction and
received input, allowing them to suppress features that are deemed to be irrelevant in recovering
the underlying event being communicated. Importantly, while we expect selection in the lexical
violations here to always favor the new, incoming input, we do not expect this to always be the
case in broader language comprehension. Indeed, to words violating selection restrictions of the
preceding verb (included in this paradigm, but not reported here), or to words containing obvious
typos, we might expect the comprehender to discard the new input instead. Rather, the processes

of selection and suppression act in concert to resolve conflicts involving multiple possible inputs.

This interpretation is based on evidence from both lesion and fMRI studies. Lesions
affecting the left IFG have been associated with impaired selection ability during language

comprehension (Bedny, Hulbert, & Thompson-Schill, 2007; Milberg, Blumstein, & Dworetzky, 1987;
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Robinson, Blair, & Cipolotti, 1998; Robinson, Shallice, & Cipolotti, 2005; Swaab, Brown, & Hagoort,
1998), while fMRI has shown greater left IFG activity in situations where semantic ambiguity places
greater demands on selection and suppression mechanisms (Bedny, McGill, & Thompson-Schill,
2008; Cardillo, Aydelott, Matthews, & Devlin, 2004; Gold et al., 2006; Mason & Just, 2007; Rodd,
Johnsrude, & Davis, 2012; Thompson-Schill, D'Esposito, Aguirre, & Farah, 1997; Thompson-Schill,
D'Esposito, & Kan, 1999; Zempleni, Renken, Hoeks, Hoogduin, & Stowe, 2007). In these studies,
similar to our own paradigm, it is difficult to disentangle the processes of suppression and
selection, as one almost necessarily implies the other: suppressing a word implies selection of a
competing alternative, while selection requires either active suppression or enhancement of

possible inputs.

It is less clear how we should interpret the continued activity in the left lateral temporal
cortex. However, Weber et al. (2016) provide an interesting possibility: they propose that the left
lateral temporal cortex is acting as part of a circuit together with the left IFG. In particular, they
suggest that when a strong prediction from a highly constraining context is violated by new input, it
takes time to effectively suppress the prediction and update your mental model of the probable
underlying cause.; This is supported by evidence of strong anatomical connections between these
two regions via the arcuate fasciculus (Glasser & Rilling, 2008), as well as their functional

connectivity during resting-state scans (Xiang et al, 2010; Turken & Dronkers, 2011).

fMRI findings in relation to MEG findings

As fMRI captures relatively slow changes in the brain, we expected that it would capture
activity within both the early and late time windows for any given contrast. Thus, we expected that
each contrast in fMRI would show at a minimum the sum of MEG activity within these time
windows. Based on our MEG findings, we might therefore expect fMRI activity to be greater to
unpredicted than predicted target words in both lateral and medial left temporal lobe. This,
however, is not what we observed: no clusters within either the lateral or medial temporal lobe
reached significance in this contrast. Instead, we observed greater BOLD activity to unpredicted vs
predicted target words in the left inferior frontal cortex, as well as in the medial superior frontal

cortex.
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When comparing lexical violations to predicted target words with the same assumption of
additivity we would again predict greater fMRI activity in the medial and lateral temporal lobes
(corresponding to activity in the N40O time-window), as well as activity in the left lateral temporal
lobe and left IFG (corresponding to that seen in the later time window in MEG). Once again, fMRI
did not pick up on much activity in the medial temporal lobe (though a small cluster of voxels
appears towards the posterior side of the medial temporal cluster seen in MEG). However, unlike
in the contrast with unpredicted words we did see significantly greater activity in the lateral portion
of the temporal lobes to target words that violate predictions, as well as increased activity in the left

IFG, medial superior frontal cortex, and the inferior parietal lobe.

Taken together, these results suggest that fMRI does not seem able to pick up on transient
activity that occurs within the N400 window in MEG. Instead, the fMRI results mostly reflect the
MEG results in the late time window. Though fMRI is not sensitive to all activity shown in MEG,
fMRI was able to detect some activity that was not seen in either time window of the MEG results.

We will consider each of these two points in turn.

It is not unusual for fMRI to mismatch with results from more temporally-sensitive measures
(see e.g. discussion in Van Petten & Luka, 2011, or Kujala et al, 2014), and indeed at least one
multimodal imaging study has reported missing effects associated with the N40O entirely, despite
using simultaneous recording of fMRI and EEG and a semantic priming paradigm that reliably
generates N400 effects (Geukes et al, 2013). Similarly, some multimodal studies that do find
evidence of the N400 in fMRI find much smaller clusters of activation relative to their wider
reaching and more robust MEG findings (e.g. lateral temporal lobe activity in Lau et al, 2016).
While intracranial recordings in animal studies provide some compelling evidence that BOLD
activity is an accurate measure of neuronal activity in certain circumstances (Lauritzen & Gold,
2003; Logothetis, 2003; Logothetis & Pfeuffer, 2004), several possible mechanisms for a mismatch
between fMRI and MEG exist.

In the case of N40O effects in this study, it may simply be that the effect is too short-lived to
be picked up by fMRI’s relatively temporally-coarse measure of brain activity via changes in blood
oxygen content. This is further supported by the remarkable temporal consistency of the N400
effect (Kutas & Federmeier, 2011), which might selectively enhance the power of temporally-fine
grained measures to detect effects. It is also possible that, as Mormann et al (2005) posit, that the

N400 is driven by phase resetting, and consequently greater phase coherence, rather than more
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neuronal firing. As the difference is in timing, rather than amount, of neural activity, fMRI would be
unlikely to be able to discern a difference in the BOLD activity. Similarly, fMRI may miss
differences in neural activity related to orientation of firing neurons. For example, in the medial
temporal lobe, MEG was able to discern between predictable and unpredictable/lexically violating
words because of the opposite directions of the currents involved. fMRI, however, is not sensitive
to current directionality, as it relies on the hemodynamic response function to indirectly measure

neural activity.

The failure of fMRI to detect activity associated with the N400 in MEG does not, however,
indicate that it is simply less able to detect effects overall. On the contrary, fMRI is able to pick up
on activity in other regions not seen in our MEG results. For example, in the MEG results, there
was no significant effect within the left IFG to unpredictable vs predictable target words, but there
was in fMRI. There are two likely explanations for this discrepancy. First, activity that shows up in
the fMRI selectively could have to do with mental processes that either start past or continue after
1000 ms post stimulus presentation, after which we did not analyze MEG. Secondly, activity that is
more diffuse across time, or that is highly variable in its onset, might not be picked up in temporally
precise measures such as MEG, but fMRI’s ability to detect the effect would not be impacted to the

same degree.

This underscores the importance of multimodal imaging and suggests that observed
differences between MEG and fMRI results in the literature cannot be attributed merely to
differences in task or participants. MEG and fMRI complement each other, each picking up on
types of activity that the other does not, giving us a fuller picture of neural activity. Though useful
as an initial prediction, it is naive to think of fMRI as merely the addition of effects at different times
in MEG - by focusing on the hemodynamic response instead of currents induced by neural activity,

it captures something in a way fundamentally different.
Conclusions

In this study, we were able to successfully identify distinct neural signatures of semantic
facilitation for confirmed lexical predictions and suppression of disconfirmed prediction during
sentence comprehension. In particular, our results supported the idea that facilitated inputs are
associated with reduced activity in the lateral temporal lobes and modulated activity in the medial

temporal lobes between 300 and 500 ms, while suppression and selection mechanisms engage a
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circuit involving the left inferior frontal gyrus and continued activation in the lateral temporal cortex
between 600 and 1000 ms. By using complementary multimodal imaging techniques in one study,
we were able to demonstrate that differences between MEG and fMRI results cannot be attributed
merely to differences in task or participants, and provide an important unifying link for connecting

results from these two modalities.
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Figure 1. Timings for presentation of stimuli in fMRI paradigm. For three filler trials out of each
run (totaling 24 for each subject), an additional ‘comprehension question’ is presented after the

question mark for two seconds
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Figure 2. Inflated brain displaying regions of interest used in MEG analysis. From top to
bottom: lateral surface, ventral surface, medial surface
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Figure 3. Averaged MEG results for the time window of 300 to 500 ms. Regions circled in red
reached significance (p < 0.05) in our cluster permutation test, while regions circled in white
reached trending significance (p < 0.1)
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Figure 4. Averaged MEG results for the time window of 600 to 1000 ms. Regions circled in red
reached significance (p < 0.05) in our cluster permutation test, while regions circled in white
reached trending significance (p <0.1)
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Figure 5. fMRI results for each contrast. Visible regions survived FWE correction at p < 0.05
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Table 1. Stimuli examples of three conditions

Condition Example

The lifeguards received a report of sharks right near the beach.
High constraint predicted Their immediate concern was to prevent any incidents in the sea.

Hence, they cautioned the swimmers to be wary

The lifeguards received a report of sharks right near the beach.

High constraint unpredicted | Their immediate concern was to prevent any incidents in the sea.

Hence, they cautioned the trainees to be wary

Eric and Grant received the news late in the day. They mulled over the
Low constraint unpredicted | information, and decided it was better to act sooner rather than later.

Hence, they cautioned the trainees to be wary

Conditions analyzed in this paper (see appendix A for full table of conditions seen by participants). Final

sentence is the same across conditions except for critical word (listed in bold).
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Table 2. Lexical characteristics of critical words.

Scenario Type Length Concreteness | Frequency | Levenshtein | Age of
distance Acquisition
High constraint predicted 5.69 (1.60) 4.29 (0.69) 1.53 (0.66) 1.93 (0.56) 6.01 (2.06)
Low constraint unpredicted 7.18 (2.25) 4.10(0.71) 0.77 (0.83) 2.48 (0.86) 8.23 (2.58)
High constraint unpredicted 7.46 (2.22) 4.15 (0.69) 0.61 (0.88) 2.61(0.86) 8.30(2.71)
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Table 3. Regions showing greater activity to Unpredicted words vs. Predicted words

Cluster level
Cluster  p-value (FWE
Region R/L p-value z-score  MNI(x,y,z) extentK corrected)
Inferior frontal gyrus (pars
. . L <0.0001 5.18 48, 24, 12 1150 <0.0001
triangularis)
Inferior frontal gyrus (pars
L L <0.0001 5.16 -38, 28, -10
orbitalis)
Insula L <0.0001 4.50 -34, 26, -2
Middle cingulate cortex R <0.0001 4.24 8, 24, 36 440 <0.0001
Anterior cingulate cortex R <0.0001 4.16 10, 28, 28
L <0.0001 3.78 -6,32,28
Supplementary motor area L <0.0001 4.02 -2, 18, 46

All regions reported reached a cluster-level significance threshold (after family-wise error correction) of
p<0.05. Anatomical locations and MNI coordinates correspond to the p-values and z-scores of
representative peaks within each cluster. We used the AAL atlas to define the anatomical regions
reported. Only one peak per anatomical region is reported for each hemisphere. The cluster-level p-
values indicate the cluster-level significance after family-wise error correction, and k indicates the

number of contiguous voxels within each cluster.
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Table 4. Regions showing greater activity to Lexical Violations vs. Predicted words

Cluster level
Cluster p-value (FWE

Region R/L  p-value z-score MNI(x,y, z) extent K  corrected)
HC LexViol > HC Pred
Inferior frontal gyrus (pars
orbitalis) L <0.0001 6.41 -36, 24, -8 2615 <0.0001
Inferior frontal gyrus (pars
triangularis) L <0.0001 5.36 -48, 22,18
Inferior parietal lobule (angular
gyrus) L <0.0001 4.81 -42,-64, 26 685 <0.0001
Inferior parietal lobule (other) L <0.0001 3.58 -32,-82,44
Middle frontal cortex L <0.0001 4.65 -20, 20, 46 909 <0.0001
Superior frontal cortex (medial) L <0.0001 4.55 -6, 38, 40
Superior frontal cortex (lateral) L <0.0001 3.89 -12, 40, 50
Supplementary motor area L <0.0001 3.67 -2, 20, 52

R <0.0001 3.43 10, 22, 46
Middle cingulate cortex R <0.0001 3.49 8, 24,40
Fusiform cortex (temporal) * L <0.0001 4.49 -40, -24, -18 196 0.0325
Middle temporal cortex (anterior) L <0.0001 3.77 -56, -16, -8
Inferior temporal cortex L 0.0001 3.65 -46, -16, -20
Inferior frontal gyrus (pars
orbitalis) R <0.0001 4.48 36, 32, -8 471 0.0003
Insula R <0.0001 4.29 32, 20, -10

* on border between inferior temporal and fusiform
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All regions reported reached a cluster-level significance threshold (after family-wise error correction) of
p<0.05. Anatomical locations and MNI coordinates correspond to the p-values and z-scores of
representative peaks within each cluster. We used the AAL atlas to define the anatomical regions
reported. Only one peak per anatomical region is reported for each hemisphere. The cluster-level p-
values indicate the cluster-level significance after family-wise error correction, and k indicates the
number of contiguous voxels within each cluster.
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