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Abstract
Featural information (e.g., color or shape) allows interlocutors to focus their attention on the specific items under discussion from
the vast set of possibilities in the environment. Intriguingly, when they are used to modify and restrict nouns, adjectives can either
carry featural information themselves (e.g., green car) or retrieve featural information from the context (e.g., somebody points at
a car and claims that she has the same car or a different car). Do the processing of same/different car and green car share neural
correlates? For the composition of nouns with feature-carrying adjectives, prior work revealed early compositional effects
(roughly 200 ms after noun onset) in the left anterior temporal lobe. However, although we know that such effects do not extend
to cases of numeral quantification, which add no conceptual features to the noun (e.g., two boats), we do not know whether they
extend to functional adjectives that themselves introduce no features, but instead reference features in the context. To address this
question, we measured magnetoencephalography (MEG) during the processing of five types of noun phrases (NPs): same NPs
(e.g., same star), differentNPs (e.g., different star), color NPs (e.g., green star), comparative NPs (e.g., larger star), and another
NPs (e.g., another star). Our main finding was that between 185 to 240 ms after noun onset, same and different NPs patterned
with the color NPs in their elicited left temporal lobe activity, and sameNPs even trended toward higher amplitudes than the color
NPs. This shows that the mechanism driving combinatory effects in the left temporal cortex does not require the input words to
directly name conceptual features, as long as the words reference featural information in the context, and that overlapping neural
correlates underlie the composition of featural information from both linguistic and nonlinguistic sources.
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Composing featural information via lexical
versus functional adjectives

Lexical adjectives, such as green and silky, carry featural in-
formation that often plays a specifying and restrictive role in
human communication, helping interlocutors focus their at-
tention on the specific items under discussion from the vast

set of possibilities in the environment. Intriguingly, some
functional adjectives, such as same and different, despite lack-
ing featural information themselves, can nevertheless play a
similar role. For instance, if someone points at a dark green
BMW sports car, claiming that she has the same car in a
different color, we can easily infer that the speaker also has a
BMW sports car, but that her car is not dark green. This ex-
ample shows that within a given context, using same or
different can not only convey highly specific featural informa-
tion, but with an impressive efficiency. The power of human
language lies precisely in this efficiency, but the underlying
neural mechanisms are still understudied. The present study
built upon our extant understanding of the processing of lex-
ical adjectives to further investigate processing of the terms
same and different.

Studies using magnetoencephalography (MEG) have re-
vealed that, as compared to unstructured control stimuli, min-
imal noun phrases (NPs) containing a modifier—for instance,
red boat—lead to an increased signal in the left anterior
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temporal lobe (LATL), peaking around 200–250 ms after on-
set of the head noun (Bemis & Pylkkänen, 2011, 2013a,
2013b; Del Prato & Pylkkänen, 2014; Westerlund, Kastner,
Al Kaabi, & Pylkkänen, 2015; Westerlund & Pylkkänen,
2014; Zhang & Pylkkänen, 2015; Ziegler & Pylkkänen,
2016). Moreover, higher activity amplitudes are elicited by a
noun (say dish) when it is being integrated with a specific
modifier such as lamb (yielding lamb dish) than when it is
integrated with the more general meat (yielding meat dish)
(Zhang& Pylkkänen, 2015). These findings reconcile previous
results from hemodynamic, electromagnetic and patient studies,
which have implicated this brain region as a center for both
conceptual knowledge (Hodges, Patterson, Oxbury, &
Funnell, 1992; Mummery et al., 2000; Mummery, Patterson,
et al., 1999a; Mummery, Shallice, & Price, 1999b) and linguis-
tic composition (Bemis & Pylkkänen, 2011; Binney, Embleton,
Jefferies, Parker, & Lambon Ralph, 2010; Brennan &
Pylkkänen, 2012; Dronkers, Wiilkins, Vanvalin, Redfern, &
Jaeger, 1994; Humphries, Binder, Medler, & Liebenthal,
2006; Humphries, Love, Swinney, & Hickok, 2005;
Humphries, Willard, Buchsbaum, & Hickok, 2001; Mazoyer
et al., 1993; Pallier, Devauchelle, & Dehaene, 2011; Stowe
et al., 1998; Vandenberghe, Nobre, & Price, 2002). Together,
our emerging understanding for the neural basis of noun-
phrase-level compositional semantics suggests early effects of
featural information integration that can be modulated by
featural specificity. Crucially, such compositional effects do
not extend to cases of numeral quantification (e.g., two boats),
which add no conceptual features to the noun (Blanco-Elorrieta
& Pylkkänen, 2016; Del Prato & Pylkkänen, 2014).

As is already shown in our above-mentioned example, the
use of same and different conveys the homogeneity or hetero-
geneity of featural information in a given context. This view is
supported by formal semantics research (Zhang, 2016) and
animal studies on the cognition of identification (Martinho
& Kacelnik, 2016). Given that same and different carry no
featural information themselves, their actual interpretation
has to depend on featural information from potentially nonlin-
guistic contexts. Thus, in processing phrases like green car
and same car, are shared neural mechanisms recruited for
feature integration?

If the brain region performing noun-phrase-level composi-
tional semantics integrates featural information from various
sources, linguistic or nonlinguistic, to rapidly compose and
form a holistic semantic representation in interpreting an NP,
then it should process same and different as disguised lexical
adjectives and integrate context-dependent feature informa-
tion transferred via the use of these functional adjectives.
Furthermore, given that same is efficient in transferring mul-
tidimensional feature information, it could plausibly elicit
even larger compositional effects than lexical adjectives like
green, which carry feature information on a single dimension
(e.g., color).

Alternatively, if the early combinatory process (about 200–
250 ms) requires the composing words to directly name con-
cepts, the functional adjectives same and different should not
activate the composition-related brain region as much as lex-
ical adjectives, due to lacking featural information in their
word meaning,

To distinguish between these hypotheses, we adapted the
canonical adjective-noun paradigm to include a minimal pic-
torial context. Specifically, participants saw a display of three
objects (with the middle one concealed) before reading an NP,
and then upon seeing a postverbal display, participants indi-
cated whether a revealed middle item matched the verbal de-
scription. For example, if the first display contained a green
striped star and the NP was same star, a matched final display
should show that the previously hidden item was also a green
striped star. With this minimal adjustment, we aimed to model
the real-world situation in which functional adjectives retrieve
features from context, while maintaining full control of the
number and content of these features.

Possible correlates of relationality
and retrieval

In addition to addressing the contrast between lexical and
functional adjectives in combinatory semantic processing,
our design also allowed us to explore issues pertaining rela-
tional processing and semantic retrieval. Specifically, we test-
ed whether the processing of comparative NPs activates the
angular gyrus (AG) and/or the adjacent supramarginal gyrus
(SMG)—that is, areas hypothesized as being sensitive to
relationality (Ardila, Concha, & Rosselli, 2000; Barbieri,
Aggujaro, Molteni, & Luzzatti, 2015; Damasio et al., 2001;
de Zubicaray, Hansen, & McMahon, 2013; Humphries,
Binder, Medler, & Liebenthal, 2007; Lewis, Poeppel, &
Murphy, 2015; Thompson et al., 2007; Williams, Reddigari,
& Pylkkänen, 2017)—and whether the processing of more
context-dependent conditions (i.e., same and different NPs)
activates the left inferior frontal gyrus (LIFG), a region impli-
cated in dependency or retrieval effects (Ben-Shachar,
Hendler, Kahn, Ben-Bashat, & Grodzinsky, 2003; Ben-
Shachar, Palti, & Grodzinsky, 2004; Caplan, Alpert, Waters,
& Olivieri, 2000; Caplan, Stanczak, & Waters, 2008;
Constable et al., 2004; Just, Carpenter, Keller, Eddy, &
Thurlborn, 1996; Keller, Carpenter, & Just, 2001; Leiken,
McElree, & Pylkkänen, 2015; Leiken & Pylkkänen, 2014;
Rogalsky, Matchin, & Hickok, 2008; Stromswold, Caplan,
Alpert, & Rauch, 1996).

The AG has also been proposed in neuroanatomical models
as a center of semantic processing (Binder & Desai, 2011;
Bonner, Peelle, Cook, & Grossman, 2013; Lau, Almeida,
Hines, & Poeppel, 2009; Noonan, Jefferies, Visser, &
Lambon Ralph, 2013; Patterson, Nestor, & Rogers, 2007;
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Price, Bonner, Peelle, & Grossman, 2015; Price, 2010;
Seghier, 2013; Seghier, Fagan, & Price, 2011), based both
on hemodynamic (Damasio et al., 2001; Graves, Binder,
Desai, Conant, & Seidenberg, 2010; Humphries et al., 2007;
Newman, Pancheva, Ozawa, Neville, & Ullman, 2001; Pallier
et al., 2011; Price, 2010) and patient studies (Ardila et al.,
2000; Hart & Gordon, 1990). More specifically, the AG along
with the adjacent SMG has been implicated in the processing
of thematic relationality (Barbieri et al., 2015; Damasio et al.,
2001; de Zubicaray et al., 2013; Humphries et al., 2007; Lewis
et al., 2015; Thompson et al., 2007). For example, the MEG
study of Lewis et al. (2015) showed that processing the the-
matic relation between king and castle robustly activates the
AG. Moreover, the patient study of Ardila et al. (2000)
showed that the AG is implicated in the processing of more
abstract and less eventive relations, such as the meaning of
comparatives (e.g., taller, shorter, older, younger). The PET
study of Damasio et al. (2001) showed that the processing of
action names involving transitive verbs elicited more activity
in the left SMG than those involving intransitive verbs, and a
similarly localized effect was also reported for the naming of
spatial relations in comparison to concrete entities. A recent
MEG study by Williams et al. (2017) employed eventive and
noneventive nouns of high and low relationality (e.g.,
noneventive nouns: high-relational daughter vs. low-
relational girl; eventive nouns: high-relational slaughter vs.
low-relational laughter) and revealed that the AG is sensitive
to relationality but not to eventivity. Based on this understand-
ing of the function of the AG and SMG, we also tested wheth-
er and when the processing of comparative NPs elicits
relationality effects in the AG/SMG, and furthermore, whether
the interpretation of same and different involves comparison
in a similar way and thus activates the AG/SMG as much as
comparatives do.

In addition to relational processing, our design also re-
quired retrieval of information depicted in the picture context.
A relevant finding to this is that the LIFG has been implicated
for retrieval mechanisms in sentence processing, specifically
for the comprehension of syntactic dependencies both in he-
modynamic (Ben-Shachar et al., 2003; Ben-Shachar et al.,
2004; Constable et al., 2004; Caplan et al., 2000; Caplan
et al., 2008; Just et al., 1996; Keller et al., 2001; Rogalsky
et al., 2008; Stromswold et al., 1996) and in MEG studies
(Leiken et al., 2015; Leiken & Pylkkänen, 2014). Among
the NPs used in this experiment, the interpretation of same
and different NPs should involve the retrieval of semantic
information from a pictorial context, and thus potentially in-
creased LIFG activity. Therefore, we also tested whether the
processing of same and differentNPs elicits retrieval effects in
the LIFG.

In sum, our study centered on investigating the nature of
possible input items to feature integration in the left temporal
lobe while also assessing the roles of the AG/SMG and LIFG

in task components engaging relational processing and
retrieval.

Method

Participants

A group of 23 right-handed native English speakers partici-
pated in the study. All had normal or corrected-to-normal vi-
sion and gave informed consent. Two participants were ex-
cluded from the MEG analyses, one due to excessive noise
during the recording, and another for being an outlier in terms
of accuracy in the behavioral task (2.69 SDs lower than the
group mean, whereas the other 21 participants were at most
1.66 SDs away from the mean). Thus, 21 participants were
included in MEG data analyses (15 females and 6 males;
average age = 24.29 years, SD = 8.13 years). All data were
collected at the Neuroscience of Language Lab (NeLLab) at
New York University Abu Dhabi (in NYUAD Saadiyat
Campus, UAE).

Experimental design and stimuli

A principal challenge for the study of the functional vocabu-
lary is that each functional item is potentially representation-
ally distinct—in important ways—from each of the other
items. This challenge clearly holds for the present study: We
do not have a group of examples that share the properties of
same or different, which are entirely related to a context. Thus,
although we believe that same and different can offer an im-
portant window into the function of left temporal cortex in
combinatory processing, it is not possible to construct a group
of stimuli belonging to the relevant class. To keep the variabil-
ity of the control conditions matched to the test conditions,
they too must be similarly limited to a small set of items.
Although the functional vocabulary is small, it is crucial to
language, and consequently, studying the individual items is
critical for a full understanding of the language system, de-
spite methodological challenges.

In all, our experiment employed five combinatorial condi-
tions—same, different, color, comparative, and another
NPs—as well as a sixth noncombinatorial condition—a con-
sonant string NP (see Table 1). In total, there were eight dis-
tinct items for the modifier position: same, different, green,
brown, larger, smaller, another, and ykdmjz (i.e., two distinct
items for each of the crucial categories: functional adjectives
carrying no featural information, adjectives involving size-
related features, and adjectives carrying color features). The
choice of green and brown was motivated mainly by their
similarity in length and frequency to other words. Each of
these eight items was combined with 15 head nouns (arrow,
bell, boat, bottle, cross, glass, heart, house, lamp, plane, shirt,
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shoe, square, star, and vase), forming 120 distinct phrases.
Each phrase was used four times in the whole experiment,
so that there were 480 critical trials, varying in whether the
head noun corresponded to the shape shown on the left or the
right in the preverbal picture and whether the correct answer in
the behavioral task should be Bmatch^ or Bmismatch.^

The condition with a meaningless consonant string has
served as a noncombinatory baseline in previous MEG
investigations of phrasal-level composition (e.g., Bemis
& Pylkkänen, 2011). However, in the present study it was
possible that inserting a meaningless string between two
meaningful trial parts—the pictorial context and the head
noun—might awkwardly interrupt processing, and thus we
were aware that this condition might not work as a baseline
as straightforwardly as in studies without a context.
Therefore, we included the another NP as another baseline:
another contributes no featural information, and even
though it provides quantity-related information, we already
know that quantificational phrases do not elicit LATL com-
position effects (Blanco-Elorrieta & Pylkkänen, 2016; Del
Prato & Pylkkänen, 2014). Moreover, the results from pre-
vious MEG studies (Poortman & Pylkkänen, 2016; Ziegler
& Pylkkänen, 2016) suggested that size-related adjectives
elicit LATL compositional effects only when the compari-
son class of the noun (e.g., whether a man is classified as
tall when compared to a class of professional basketball
players or a class of average men) can be inferred from
context. Thus, here we included comparative NPs (e.g.,
larger star, smaller boat) in order to test this issue again.

As is shown in Fig. 1, on each trial, following the fixation,
first a pictorial context was presented, consisting of a row of
three items with the middle one concealed, and then an NP
presented word by word. Afterward, when a postverbal pic-
ture appeared with all items revealed, participants made a
judgment to indicate whether the NP matched the previously
concealed item. The pictorial context stayed on the screen for

600 ms, and the fixation and each word stayed on the screen
for 300 ms, with 300-ms blank spaces between adjacent items.

The felicitous use of same, different, comparative, and
another NPs in our trial structure required that one of the
two visible items in the pictorial context depicted the
shape described by the head noun. To satisfy this require-
ment and to equate the predictability of the following
head noun, the two initially visible items were of different
shapes, and the head noun always corresponded to one of
these two shapes. In the whole experiment, the shapes
varied in color (green vs. brown), pattern (striped vs.
nonstriped), and size (small vs. middle vs. large). To bal-
ance the predictability, visible items in the context were
all of the middle size.

To enforce participants’ attention to the preverbal pic-
tures, we added 48 filler trials with the same kind of pre-
verbal pictures. But then, instead of reading a two-word
NP and doing the Bphrase–picture^ matching task, partici-
pants read the short question Bhave you seen this item?^
and judged whether the item shown in the postverbal pic-
ture had appeared in the preverbal picture. Thus, altogeth-
er, there were 528 trials. The answers Bmatch (yes)^ versus
Bmismatch (no)^ were evenly distributed among trials.
Pictures used for the postverbal task always stayed on the
screen until participants pressed a button to respond.

Participants were asked not to blink during the presen-
tation of stimuli. Before each trial, we added a line of
instruction BPress when you are ready. DO NOT
BLINK!^ to remind them and give them some time to
relax their eyes. This instruction stayed on the screen until
participants pressed any button to initiate the next trial.
The stimuli were presented by Psychophysics Toolbox
(Brainard, 1997; Pelli, 1997), in lowercase letters with
30-point Courier font on a gray background. The 528
trials were divided into 12 blocks, each containing 40
critical trials, quasi-evenly distributed among the types

Table 1 Experimental design and predictions

Condition Example Prediction of the Hypothesis in Which Input
Words to Composition in the Left Temporal Lobe
Must Be Labels of Concepts

Prediction of the Hypothesis in Which Input Words to
Composition in the Left Temporal Lobe Need Not Label
Concepts as Long as They Reference Concepts

Same NP same star No compositional effects in the left temporal lobe Compositional effects in the left temporal lobe
Different NP different star

Color NP green star Compositional effects in the left temporal lobe
(Bemis & Pylkkänen, 2011, 2013a, 2013b; Westerlund et al., 2015;
Westerlund & Pylkkänen, 2014; Zhang & Pylkkänen, 2015; Ziegler & Pylkkänen, 2016)

brown star

Comparative NP larger star Compositional effects for gradable adjectives?
(Without information of comparison class: No: Ziegler & Pylkkänen, 2016;
With information of comparison class: Yes: Poortman & Pylkkänen, 2016)

smaller star

Another NP another star Baseline (Blanco-Elorrieta & Pylkkänen, 2016; Del Prato & Pylkkänen, 2014)

Consonant NP ykdmjz star Potential baseline
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of modifiers and nouns, and four filler trials. The trials
within each block were randomized and the blocks were
also randomized for each participant. Between adjacent
blocks, participants could choose to take a short rest or
continue immediately.

Procedure

Prior to each MEG recording, we used a Polhemus FastSCAN
three-dimensional laser digitizer to scan the participant’s head
shape and locate the positions of five maker coils placed across
the forehead. The digitized head shapewas later used to constrain
source localization during data processing by co-registering the
position of the coils with respect to the MEG sensors.

Before the MEG recording, there was a practice session
(containing 17 trials) outside the magnetically shielded room.
During this practice, participants were given the same instruc-
tions as in the MEG recording, and for each trial they got
feedback after their responses, so that they could verify their
comprehension of the task.

During the MEG recording, participants lay in a dimly lit
magnetically shielded room. The positions of the marker coils
were measured at the beginning and the end of the experiment.
MEG data were collected by using a whole-head 208-channel
axial gradiometer system (Kanazawa Institute of Technology,
Nonoichi, Japan), at a 1000-Hz sampling rate with a low-pass
filter at 200 Hz. Stimuli were projected onto a screen about
50 cm away from participants’ eyes. During the recording,

Fig. 1 Trial structure and results of clustering tests for compositional
effects. The top row in the figure shows the trial structure. Under that is
the marginally significant cluster of compositional effects in the left

temporal lobe during head noun presentation: from 185 to 240 ms after
noun onset (p = .066). This main effect was driven by increased activity
for the same, different, color, and comparative NP conditions.
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participants got no feedback after responses. The recording
session lasted approximately 65 min.

Data processing

The rawMEG data were first noise-reduced via the continuous-
ly adjusted least-squares method (Adachi, Shimogawara,
Higuchi, Haruta, & Ochiai, 2001) in the MEG Laboratory soft-
ware 2.004A (Yokogawa Electric and Eagle Technology Corp.,
Japan), before being processed and analyzedwithMNE-Python
(Gramfort et al., 2013; Gramfort et al., 2014) and Eelbrain
package 0.22.1 (http://pythonhosted.org/eelbrain/).

The function of independent component analysis (with the
method of Bfastica,^ the parameter of accounting for 95% of
the raw data, and a rejection level of 3,000 fT/cm) was applied
in order to remove known artifacts (e.g., heartbeats, eye
blinks) (http://martinos.org/mne/dev/manual/preprocessing/
ica.html). Afterward, the MEG data were low-pass filtered at
40 Hz, epoched (i.e., segmented out) from 100 ms before the
onset of the pictorial context to 600 ms after the head noun.
Individual epochs were automatically rejected if any sensor
value exceeded 2,000 fT/cm at any time point. If the raw
activity for individual channels in an epoch greatly deviated
from neighboring channels, activity for those channels in that
epoch was manually removed, and field interpolation was
applied. Epochs were baseline-corrected with the prestimulus
interval: from – 100 ms to the onset of the pictorial context.

We co-registered each participant’s head shape with the
standard FreeSurfer average brain—fsaverage (CorTech and
MGH/HMS/MITAthinoula A.Martinos Center for Biomedial
Imaging)—in order to construct their cortical surface.
Cort ical ly constrained minimum norm est imates
(Hämäläinen & Ilmoniemi, 1994) were then calculated with
MNE with a standard procedure. After constructing each par-
ticipant’s cortical surface, the boundary element model meth-
od was adopted to calculate the forward solution (Mosher,
Leahy, & Lewis, 1999). Then the inverse solution was com-
puted from the forward solution together with the noise co-
variance matrix (from the 100-ms prestimulus interval). The
inverse solution was applied to the evoked data, yielding cur-
rent estimates at each source for three orthogonal dipoles,
which represented the most likely distribution of neural activ-
ity. We chose to retain the length of the resulting current vec-
tor—that is, the orientation of the current dipoles was not fixed
with relation to the cortical surface—and thus the brain acti-
vation is reported without reference to orientation. The
resulting minimum norm estimates of neural activity were
noise-normalized at each spatial location to reduce the loca-
tion bias of the estimates (Dale et al., 2000), and the resulting
time- and location-dependent values yielded dynamic statisti-
cal parameter maps (dSPM), providing information about the
statistical reliability of the estimated signal at each location
with millisecond accuracy. dSPM values were the input for

spatiotemporal clustering tests. Source data were down-
sampled to one observation every 5 ms in order to achieve
computational tractability in our spatiotemporal permutation
clustering tests.

Statistical analyses

Behavioral data We checked the overall accuracy for all 528
trials to verify whether participants paid enough attention.
Then the behavioral data from the 480 critical trials were an-
alyzed in a one-way repeated measures analysis of variance
(ANOVA) for accuracy and speed. Reaction times were mea-
sured from the onset of the postverbal picture for each correct-
ly answered trial and for each participant. Reaction times
above three SDs from each participant’s own average were
discarded from the reaction time analysis.

Spatiotemporal clustering tests Awhole-brain comparison of
the MEG data between the consonant and color NPs revealed
that, as we had anticipated, this consonant string did not work
as a baseline. The consonant NP activated a large area in the
left hemisphere, much more than the color NP did, suggesting
that in the present paradigm, the consonant string had some
type of disruptive effect on processing. Thus, the consonant
NP was discarded as a baseline.

On the basis of spatiotemporal information from previous
MEG studies on LATL compositional effects for two-word
NPs (Bemis & Pylkkänen, 2011; Zhang & Pylkkänen, 2015;
Ziegler & Pylkkänen, 2016), we performed a cluster-based
one-way permutation ANOVA across our five combinatorial
conditions within the time window 180–250 ms after the noun
onset (which slightly extended the previously detected
peaking time 200–250 ms in order to fully reveal the temporal
extent of potential clusters) in the left temporal lobe centering
around the LATL (including temporal pole and the entorhinal,
parahippocampal, fusiform, and superior, middle, and inferior
temporal gyri, as in the Desikan–Killiany Atlas; see https://
surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation and
Desikan et al., 2006), testing for spatiotemporal clusters of
brain activation that showed statistically significant
differences among our conditions, corrected for multiple
comparisons (Maris & Oostenveld, 2007). Since there were
more trials for the conditions with comparative and color NPs,
an equalized number of trials for all conditions were randomly
selected out using Eelbrain’s parameter Bequalize-evoked-
counts.^

Our spatiotemporal permutation clustering test was per-
formed in Eelbrain 0.22.1 with a standard procedure. For each
source at each time interval (i.e., every 5 ms), an uncorrected
ANOVAwas calculated. If a significant effect at a p value of
.05 (uncorrected) was observed in at least ten contiguous
sources for at least 25 ms, these data points were treated as a
cluster, and the F values of each data point within the cluster
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were summed as a test statistic. By randomly reassigning the
conditional labels of the dSPMdata within participants 10,000
times, we obtained a set of test statistics to form the null
distribution. Each cluster of interest was assigned a corrected
p value (alpha = .05) based on this null distribution.

Similarly, to explore semantics-related effects in the AG/
SMG, we used a combination of the supramarginal and infe-
rior parietal gyri (see Binder & Desai, 2011; Demonet et al.,
1992) in the left hemisphere of the Desikan–Killiany Atlas to
perform spatiotemporal clustering tests. Since previous stud-
ies offered no temporal information for reference, tomaximize
our ability to detect possible effects for future studies, we
divided the whole timeline into 150-ms time windows (i.e.,
0–150 ms, 150–300 ms, etc.) and ran clustering tests. When a
detected cluster occurred at the boundary, we extended the
time window for 50 ms and reperformed the test. The effects
reported are not corrected for multiple comparisons across
these time windows and should be treated as preliminary.

Finally, to test retrieval/dependency-related effects in the
LIFG, we used the combination of pars opercularis and pars
triangularis (e.g., Cooke et al., 2002) in the left hemisphere of
the Desikan–Killiany Atlas and the time window of 300–
600 ms after the head noun onset (Leiken et al., 2015;
Leiken & Pylkkänen, 2014) to perform a spatiotemporal clus-
tering test.

Whole-brain pairwise comparison Since our spatiotemporal
clustering test yielded a marginally significant cluster in the
time window of 185–240 ms after the noun onset, to visualize
how widespread the effects were for each type of modifier, we
further conducted pairwise whole-brain comparisons between
all of the main conditions of interest, specifically: (1) compar-
ative NP versus another NP, (2) color NP versus another NP,
(3) different NP versus another NP, (4), same NP versus
another NP, (5) same NP versus comparative NP, (6) same
NP versus color NP, and (7) sameNP versus differentNP. The
results were plotted when at least ten adjacent sources showed
a difference at a p value of .05 (uncorrected for multiple com-
parisons) for at least 25 ms.

Similarly, for the clusters yielded from the spatiotemporal
clustering tests investigating the AG/SMG and the LIFG, we
also conducted pairwise whole-brain comparisons between all
of the main conditions of interest during the time window of
the clusters.

Results

Behavioral data

The mean accuracy over the 480 critical trials for the 21
participants whose data were included in the MEG anal-
yses was 98.01% (SD = 1.44%). The one-way repeated

measures ANOVA revealed a significant difference
among trials containing different modifiers [F(7, 160)
= 5.534, p < .0001]. A Tukey’s post-hoc test revealed
that the accuracy for trials with different was signifi-
cantly lower than the accuracy for trials with any other
modifier, even though the mean accuracy for different
NP was also as high as 95%. The one-way repeated
measures ANOVA on the reaction time data revealed
no significant difference among trials containing differ-
ent modifiers [F(7, 160) = 1.505, p = .17]. Overall, the
performance was very good, and the reaction times were
similar. Thus, we consider that the task was overall
equally demanding across all the conditions. The mean
accuracies and reaction times for each modifier are sum-
marized in Table 2.

Compositional effects: Spatiotemporal clustering
results and whole-brain pairwise comparisons

Figure 1 shows the marginally significant cluster (185–240ms
after the noun onset, p = .066) elicited in our spatiotemporal
cluster-based one-way ANOVA.

Planned pairwise comparisons in this cluster showed that
this main effect of condition was driven by increased activity
for the same, different, color, and comparative NP conditions.
Specifically, they all elicited higher amplitudes than the
another NP (same NP, p < .001; different NP, p = .02; color
NP, p = .004; comparative NP, p = .03); the sameNP condition
was also increased relative to the comparative NP (p = .071),
different NP (p = .103), and color NP (p = .104) with a mar-
ginal significance. Overall, same, different, and even gradable
adjectives in their comparative form all engaged combinatory
activity in the ventral/medial part of the left temporal lobe as
much as did the color adjectives, and same engaged this brain
region the most.

Figure 2 depicts the whole-brain pairwise comparisons,
confirming that same, different, and color NPs engaged the
LATL more than did another NPs; however, although the
effects touched the left temporal pole, they were mainly dis-
tributed over more medial left temporal cortex, including the
entorhinal cortex, parahippocampal gyrus, fusiform gyrus,
and part of inferior temporal cortex. The comparison between
comparative and another NPs shows that the effects elicited
by comparative NPs were rather in the posterior part of the
inferior temporal lobe. The comparison between same and
different NPs shows that same NPs engaged the middle to
posterior parts of the temporal lobe more than did different
NPs.

Pairwise comparisons also showed that same, different, and
color NPs engaged the left occipital lobe more than did
another NPs, but in these plots, the clusters shown in the left
occipital lobe are not contiguous with those in the left tempo-
ral lobe.
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Overall, these whole-brain comparisons suggest that the
marginally significant cluster observed in the spatiotemporal
permutation ANOVA is indeed focal to the searched brain area
and not part of another, larger cluster.

Relationality effects: Spatiotemporal clustering
results and whole-brain pairwise comparisons

Within the searched time window of 450–650 ms after mod-
ifier onset, we found a significant cluster at 515–620 ms (p =
.038) (see Fig. 3). Within this cluster, planned pairwise

comparisons showed that this main effect was driven by in-
creased activity for comparative NPs. Specifically, compara-
tive NPs elicited higher amplitudes than did color NPs (p =
.018), different NPs (p < .001), and same NPs (p = .017), as
well as marginally higher amplitudes than another NPs (p =
.091). The amplitudes for different NPs were also lower than
those for another NPs (p = .017), color NPs (p = .015), and
same NPs (p = .007). Whole-brain pairwise comparisons be-
tween the conditions of interest showed that these elicited
effects were located mainly in the left SMG, spreading toward
the left AG (see Fig. 4).

Fig. 2 Whole-brain contrasts between the critical conditions from 185 to
240 ms after noun onset. From left to right: (1) comparative NP versus
another NP, (2) color NP versus another NP, (3) different NP versus
another NP, (4), same NP versus another NP, (5) same NP versus com-
parative NP, (6) same NP versus color NP, and (7) same NP versus

different NP. Each plot shows all sources that were part of a cluster at
any time during 185 and 240 ms after noun onset. Each cluster is formed
on the basis of at least ten data points showing a significant effect at a p
value of .05 (uncorrected) for at least 25 ms.

Table 2 Behavioral data: Means and standard deviations of accuracy (as percentages) and reaction times (in seconds) for the 480 critical trials

Condition Example Means and SDs of Accuracy (%) Means and SDs of Reaction Times (s)

Same NP same star 98.02% (2.39%) 0.7971 (0.2221)

Different NP different star 95.00% (4.86%) 0.9627 (0.3361)

Color NP green star 98.25% (1.62%) 0.7607 (0.2421)

brown star 98.89% (1.52%) 0.7832 (0.2457)

Comparative NP larger star 98.81% (1.41%) 0.7671 (0.2281)

smaller star 97.86% (2.42%) 0.8762 (0.3159)

Another NP another star 98.49% (1.97%) 0.8187 (0.2997)

Consonant NP ykdmjz star 98.73% (1.74%) 0.7603 (0.1936)
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Retrieval effects: Spatiotemporal clustering results
and whole-brain pairwise comparisons

The spatiotemporal clustering test yielded a cluster for a trend
toward LIFG effects during noun presentation: from 370 to
440 ms (p = .09; see Fig. 3). Planned pairwise comparisons
showed that the effect within this cluster was driven mainly by
increased activity for different NPs, which elicited larger am-
plitudes than did another NPs (p < .001), comparative NPs (p
= .002), color NPs (p = .029), and same NPs (p = .06). In
addition, same NPs also elicited larger amplitudes than did
another NPs (p = .003) and comparative NPs (p = .081), and
color NPs elicited larger amplitudes than did anotherNPs (p =

.018). Whole-brain pairwise comparisons between the condi-
tions of interest showed that these elicited effects were indeed
mainly located in the LIFG, spreading toward a more anterior
part in some comparisons (see Fig. 5).

Discussion

In this study we investigated the neural mechanism underlying
the processing of same and different. By adding a pictorial
context before the canonical two-word NP paradigm, we were
able to investigate the processing of context-dependent NPs
along with context-independent NPs. Our main result was that

Fig. 3 Results of clustering tests for supramarginal gyrus (SMG) and left
inferior frontal gyrus (LIFG) effects. The left panel shows the significant
cluster of SMG effects during modifier presentation: from 515 to 620 ms
(p = .038). For this cluster, the main effect was driven by increased SMG
activity for comparative NPs. The right panel shows a cluster with a trend
toward LIFG effects during noun presentation: from 370 to 440 ms (p =
.09). For this cluster, the main effect was most driven by increased LIFG

activity for different NPs. The bar graphs indicate the average activations
of all source time points in their corresponding cluster (with uncorrected
pairwise comparisons). The whitened parts in the brains indicate the an-
alyzed brain areas: the combination of inferior parietal gyrus and SMG in
the left hemisphere of the Desikan–Killiany Atlas, for SMG effects (left),
and the combination of pars opercularis and pars triangularis in the left
hemisphere of the Desikan–Killiany Atlas for LIFG effects (right).
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Fig. 5 Whole-brain contrasts between the critical conditions from 370 to
440 ms after noun onset. From left to right: (1) different NP versus
another NP, (2) different NP versus comparative NP, (3) different NP
versus color NP, (4), different NP versus same NP, (5) same NP versus
anotherNP, (6) sameNP versus comparative NP, and (7) color NP versus

another NP. Each plot shows all sources that were part of a cluster at any
time from 370 to 440 ms after noun onset. Each cluster is formed on the
basis of at least ten data points showing a significant effect at a p value of
.05 (uncorrected) for at least 25 ms.

Fig. 4 Whole-brain contrasts between the critical conditions from 515 to
620 ms after modifier onset. From left to right: (1) comparative NP versus
another NP, (2) comparative NP versus color NP, (3) comparative NP
versus differentNP, (4), comparative NP versus sameNP, (5) another NP
versus different NP, (6) color NP versus different NP, and (7) same NP

versus differentNP. Each plot shows all sources that were part of a cluster
at any time from 515 to 620 ms after modifier onset. Each cluster is
formed on the basis of at least ten data points showing a significant effect
at a p value of .05 (uncorrected) for at least 25 ms.
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although same and different lack featural information in their
word meanings, they elicited compositional effects in the left
temporal lobe as early as lexical adjectives did, and the effects
for same were even larger than those for the colors.

Although the temporal details of the present results are
similar to those of previous MEG studies investigating
LATL compositional effects in the processing of two-word
NPs, the localization is more posterior and medial. Overall,
our cluster implicated a brain region similar to the results of
Bemis and Pylkkänen (2013a, 2013b), Westerlund et al.
(2015), Westerlund and Pylkkänen (2014), and Ziegler and
Pylkkänen (2016), but more posterior and medial than the
brain region implicated in the results of Bemis and
Pylkkänen (2011) and Zhang and Pylkkänen (2015). One
clear difference between the present study and prior work
was the limited number of stimuli in each condition, a neces-
sary design feature given our aim to study specific functional
vocabulary items, which do not partake in large classes.
Further, unlike in prior work, in which pictures or words have
been used as comprehension prompts after the verbal stimuli,
our word stimuli were preceded by pictures. This also could
have engaged slightly distinct cortical circuits due to top-
down context effects. But what mattered the most for our
hypotheses was whether the functional adjectives patterned
similarly to or differently from the lexical ones, and our results
clearly showed similarity.

In terms of time windows, our cluster was also slightly
earlier (i.e., 185–240 after the noun onset) than those elicited
in previous studies (roughly 200–250 ms after the noun on-
set), which might have been due to priming effects that result-
ed from our repetitive use of modifiers and nouns. In addition
to this similarity in spatiotemporal details, within this cluster,
all conditions involving featural information (i.e., same,
different, color, and comparative NPs) elicited more activity
than the baseline another NPs. Thus, the cluster observed in
the present study is likely to reflect LATL compositional
effects.

It is worth noting that in previous studies, size-related grad-
able adjectives did not always elicit LATL compositional ef-
fects as color terms did, and contextual information with re-
gard to the comparison class of the noun seemed necessary for
size-related gradable adjectives to elicit LATL effects (see
Ziegler & Pylkkänen, 2016, vs. Poortman & Pylkkänen,
2016). Our results, together with those of Poortman and
Pylkkänen (2016), seem to confirm that when a pictorial con-
text is presented before linguistic stimuli, so that the compar-
ison class of the noun can be inferred and size-related gradable
adjectives interpreted in a less vague way, these gradable ad-
jectives can elicit compositional effects as color terms do.

Therefore, consistent with prior work, we showed combi-
natory effects in the left temporal lobe and have offered the
first example of composition with a functional word as one of
the input words. Thus, although compositional effects in the

left temporal lobe—as far as we know today—do not reflect
aspects of composition that do not add features, such as quan-
tification (Blanco-Elorrieta, 2016; Del Prato & Pylkkänen,
2014), they can be elicited by functional words that carry no
featural information themselves, but reference conceptual fea-
tures in context.

In our supplementary analyses of the left AG and SMG, the
result patterns within our elicited cluster suggested that the
processing of comparatives indeed elicits increased activity
in the left SMG, whereas the processing of same and different
did not activate these regions as much. Presumably, same and
different address the homogeneity or heterogeneity among
featural information, whereas comparatives relate entities in
a certain dimension. The cognitive details underlying the use
of these words, the spatiotemporal details of relevant effects in
the SMG in semantic processing, as well as the cognitive
functions of these brain regions still require future
investigations.

As for the LIFG, the results of our supplementary analyses
regarding retrieval effects conform in timing with prior LIFG
results for the MEG correlates of syntactic dependency forma-
tion (Leiken et al., 2015; Leiken & Pylkkänen, 2014). The
increased activation in the LIFG during the processing of
different and same NPs suggests that the semantic retrieval
of featural information from contexts also involves the
LIFG. Put together, these findings support a general view of
the LIFG as a retrieval/dependency-related brain region.

Intriguingly, different NPs activated LIFG the most.
Presumably, different can be considered the negation of same,
and thus the processing of different might involve more com-
putation and be more working memory demanding. This pos-
sibility is compatible with the hypothesis that the LIFG is a
working-memory-relevant brain region (Barde, Schwartz, &
Thompson-Schill, 2006; Cohen et al., 1997; Paulesu, Frith, &
Frackowiak, 1993; Rogalsky et al., 2008). More specifically,
in the present design, when interpreted in a context in which
there was, say, a middle-sized green striped star, the expres-
sion different star rules out the possibility that the star under
discussion is of the same color, size, and pattern. Thus, with
the use of this hidden negation in the meaning of different, the
increase in LIFG activity elicited by the processing of different
may also reflect a selection of information among competing
alternatives (see Thompson-Schill, D’Esposito, Aguirre, &
Farah, 1997).

Another intriguing issue is that our LIFG retrieval effects
were temporally later than compositional effects. One possi-
bility is that the retrieval of specific featural information and
the formation of a holistic mental representation might consti-
tute a dynamic process, and by the time that compositional
effects occur in the LATL, same (i.e., the word that drove
compositional effects most in the present study) might have
just provided information that the features on multiple rele-
vant dimensions needed to be taken into consideration (see
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also Fig. 6). Another possibility is that, as was proposed by
Thompson-Schill et al. (1997), the later LIFG effects reflect
the selection, not retrieval, of semantic information, and thus
the increased activity for different (i.e., the word that drove
LIFG activity most in the present study) reflects a selection
process that follows semantic composition in the left temporal
lobe; that is, at this point, the composed representation rules
out a set of possibilities. These two possibilities are, however,
not incompatible with each other, and future work will be
needed to flesh out the details.

To summarize, the present study contributes to our existing
understanding of the function of the left temporal lobe in lan-
guage processing and explores the potential division of labor
in different brain areas and different time windows. The left
anterior temporal lobe (especially its ventral part; see Murphy
et al., 2017) has been hypothesized to be a semantic Bhub,^
integrating modality-specific attributes stored in a widely dis-
tributed neural network into an amodal holistic mental repre-
sentation (Patterson et al., 2007). Figure 6 illustrates how the
processing of same and different can be viewed as parallel to
the processing of lexical adjectives within this semantic Bhub^
model. Same transmits features on all relevant dimensions
from a given context, and thus can bring highly specific
featural information in an efficient way, whereas different is
more vague and conveys some nondeterminism—one or more
of the context-provided values are subject to changes, so that a
specific kind of possibility is ruled out. Eventually, featural

information is composed with the meaning of the head noun,
leading to a compositional semantic representation.

Overall, our findings suggest that overlapping neural
mechanisms are involved in the processing of both lexical
adjectives that carry features themselves and functional
adjectives that recruit and transmit featural information
from a context. Since our context was nonlinguistic, these
results suggest that the mechanism underlying semantic
processing in the brain may compose information from a
variety of sources—that is, from our words and from the
world in which we live.

Supplementary Materials

The scripts and materials of this study are available on the
website of NYU Neurolinguistics Lab: https://psych.nyu.
edu/pylkkanen/lab/linminzhang_supplementarymaterials.
html.
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Fig. 6 Featural integration in the left temporal lobe. In processing a
combinatorial noun phrase of the form Bmodifier + head noun,^ about
200–250ms after onset of the head noun, following word recognition and
the processing of modality-specific attributes stored in a widely

distributed neural network, featural information is integrated by the left
temporal lobe in order to form a holistic mental representation for the
semantics of the noun phrase.
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