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The anterior temporal lobe (ATL) makes a critical contribution to semantic cognition. However, the functional connectivity of the ATL
and the functional network underlying semantic cognition has not been elucidated. In addition, subregions of the ATL have distinct
functional properties and thus the potential differential connectivity between these subregions requires investigation. We explored these
aims using both resting-state and active semantic task data in humans in combination with a dual-echo gradient echo planar imaging
(EPI) paradigm designed to ensure signal throughout the ATL. In the resting-state analysis, the ventral ATL (vATL) and anterior middle
temporal gyrus (MTG) were shown to connect to areas responsible for multimodal semantic cognition, including bilateral ATL, inferior
frontal gyrus, medial prefrontal cortex, angular gyrus, posterior MTG, and medial temporal lobes. In contrast, the anterior superior
temporal gyrus (STG)/superior temporal sulcus was connected to a distinct set of auditory and language-related areas, including bilateral
STG, precentral and postcentral gyri, supplementary motor area, supramarginal gyrus, posterior temporal cortex, and inferior and
middle frontal gyri. Complementary analyses of functional connectivity during an active semantic task were performed using a psycho-
physiological interaction (PPI) analysis. The PPI analysis highlighted the same semantic regions suggesting a core semantic network
active during rest and task states. This supports the necessity for semantic cognition in internal processes occurring during rest. The PPI
analysis showed additional connectivity of the vATL to regions of occipital and frontal cortex. These areas strongly overlap with regions
found to be sensitive to executively demanding, controlled semantic processing.
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Introduction
The anterior temporal lobe (ATL) is critical for semantic cogni-
tion. Modality-specific information from “spoke” regions con-
verges in and interacts with the ATL “hub,” creating multimodal
conceptual representations (Rogers et al., 2004; Patterson et al.,

2007; Lambon Ralph, 2014). Until recently, the ATL has been
viewed as one homogenous region due to the low spatial speci-
ficity of neuropsychological data. However, cytoarchitectural dif-
ferences within the ATL hint at the presence of distinct, yet
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Significance Statement

Previous studies have shown that semantic cognition depends on subregions of the anterior temporal lobe (ATL). However, the
network of regions functionally connected to these subregions has not been demarcated. Here, we show that these ventrolateral
anterior temporal subregions form part of a network responsible for semantic processing during both rest and an explicit seman-
tic task. This demonstrates the existence of a core functional network responsible for multimodal semantic cognition regardless of
state. Distinct connectivity is identified in the superior ATL, which is connected to auditory and language areas. Understanding the
functional connectivity of semantic cognition allows greater understanding of how this complex process may be performed and
the role of distinct subregions of the anterior temporal cortex.
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graded subregions (Brodmann, 2006; Ding et al., 2009). Recent
neuroimaging, neurostimulation, electrophysiology, and de-
tailed patient assessments suggest that the center point of the
multimodal hub region sits within the ventral ATL (vATL; Lüders
et al., 1986; Lüders et al., 1991; Pobric et al., 2007; Butler et al.,
2009; Lambon Ralph et al., 2009; Binney et al., 2010; Mion et al.,
2010; Visser and Lambon Ralph, 2011; Visser et al., 2012; Shimo-
take et al., 2015). Other ATL subregions may differ from the
vATL in terms of function and connectivity in a graded fashion
(Visser and Lambon Ralph, 2011; Binney et al., 2012). For exam-
ple, the anterior superior temporal gyrus (aSTG) and superior
temporal sulcus (STS) may be particularly involved in processing
the meaning of auditory and verbal stimuli (Scott et al., 2000;
Spitsyna et al., 2006; Visser and Lambon Ralph, 2011; Visser et al.,
2012) and may reflect structural connections to primary auditory
regions (Morán et al., 1987; Binney et al., 2012). Alternatively, the
aSTG’s structural connection to the inferior frontal gyrus (IFG)
(Duffau et al., 2005; Friederici, 2011) could suggest a role in
semantic control (Hoffman et al., 2015).

Neural processing is dynamic and may be best understood via
the interactions between multiple areas (Mesulam, 1990; McIn-
tosh, 1999; Bressler and Menon, 2010; Meehan and Bressler,
2012). Determining the pattern of connectivity across the ATL
allows identification of distinct subregions and helps inform their
function. Prior investigations of the connectivity of circum-
scribed polar and lateral ATL regions (Simmons et al., 2010;
Turken and Dronkers, 2011; Pascual et al., 2015; Mesulam et al.,
2014) were unable to demonstrate this pattern of connectivity for
two key reasons. First, only one location was studied so compar-
ison was not possible. Second, there is signal loss and distortion in
the ATL (Binney et al., 2010; Embleton et al., 2010; Visser et al.,
2010b; Halai et al., 2014), an issue highlighted in previous seed-
based and whole-brain resting-state studies (Ding et al., 2009;
Zuo et al., 2012; Wig et al., 2014).

Semantic cognition depends upon a distributed network
(Eggert, 1977), yet the underlying functional connectivity has
not been established. In addition to ATL subregions, semantic
cognition consistently involves IFG, medial prefrontal cortex
(mPFC), posterior middle temporal gyrus (pMTG), and lat-
eral parietal regions (Binder et al., 2009; Jefferies, 2013;
Noonan et al., 2013). Semantic cognition is considered a ma-
jor component of processing during the resting state (Binder
et al., 1999; Binder et al., 2009). Despite this, the resting-state
connectivity of the vATL region crucial for semantic cogni-
tion has not been explored, likely due to poor signal in this
region.

In this study, we probed the resting-state connectivity of
various ATL subregions, including the vATL area considered
to be critical for semantic cognition. This allowed us both to
identify ATL subregions with distinct connectivity patterns
and to explicate the network responsible for semantic cogni-
tion. A dual-echo gradient echo planar imaging (EPI) para-
digm was used to ensure full ATL coverage (Halai et al., 2014).
The extent and function of the semantic network was thor-
oughly explored by assessing the connectivity of the vATL in
both resting-state fMRI and fMRI data from an active seman-
tic task assessed using a psychophysiological interaction (PPI)
analysis. Semantic processing may differ between the resting-
state and active tasks (e.g., resting-state semantics may be less
goal directed and stimulus driven), yet both are believed to
depend on core semantic regions. Convergence between the
connectivity in active and resting states would provide com-

pelling evidence of a core network responsible for multimodal
semantic cognition.

Materials and Methods
Participants
Resting-state scans were collected for 78 participants (57 female, age
range 18 – 42, average age 24.71 years, SD 5.49 years), 24 of whom also
completed a dual gradient echo fMRI study of semantic decision making
reported previously (15 female, age range 20 – 42, average age 25.63 years,
SD 56.36 years; Jackson et al., 2015). Participants were strongly right
handed (minimum laterality quotient 50, average 85.85, SD 14.91 on the
Edinburgh Handedness Inventory; Oldfield, 1971). Participant’s vision
was normal or corrected to normal. All participants gave informed con-
sent and the study was approved by the local ethics board.

Procedure
Scanning was conducted using a Phillips Achieve 3.0 T system with 32
channel SENSE coil with a sense factor of 2.5. Noise-cancelling Mk II�
headphones were worn inside the scanner (MR Confon). A structural
reference was obtained with an in-plane resolution of 0.938 and a slice
thickness of 1.173. Whole-brain coverage was obtained with a field of
view of 240 � 240 mm, which was tilted up to 45° off the AC–PC line to
reduce the effect of ghosting on the temporal pole. The TR was 2.8 with a
flip angle of 85°, resolution matrix of 80 � 80, reconstructed voxel size of
3 mm, and slice thickness of 4 mm. A total of 130 volumes were collected
over 6.25 min for the resting-state scan. Three runs of task data for each
participant were included in the PPI analysis. Run length was 10 min and
211 volumes were collected per task run. The imaging parameters for the
resting-state and task scans were identical.

A dual gradient echo EPI technique was used. This involves parallel
acquisition at a short echo (12 ms) leading to less signal loss in areas of
high magnetic susceptibility and a standard long echo (35 ms) to main-
tain high contrast sensitivity throughout the brain. The results from the
two echoes were combined using linear summation, previously shown to
be optimal (Poser et al., 2006; Halai et al., 2014). The resultant reduction
in signal dropout is greatest within inferior temporal and orbitofrontal
regions including the vATL, an area of key interest in this investigation
(Poser and Norris, 2007, 2009; Halai et al., 2014). Mean temporal signal-
to-noise ratio (TSNR) is shown in Figure 1A. TSNR exceeded 40
throughout all subregions of the ATL and was considerably greater in the
majority of regions.

During the resting-state scans, participants were asked to fixate on a
cross and lie still (Van Dijk et al., 2012). For the active task, a PPI analysis
was conducted on three runs of data reported by Jackson et al. (2015),
which included a semantic and baseline task. The semantic task involved
a triad judgment in which participants were asked to match a probe word
(e.g., “hen”) to the most semantically related of two choices. The target
was either strongly associated (e.g., “cage”) or conceptually similar (e.g.,
“robin”) to the probe. Foils were unrelated to probes and targets. Formal
whole-brain analysis showed no significant differences between the re-
gions involved in these two conditions and no further distinction is made
here. In the control task, participants were asked to decide which of two
letter strings (containing Greek and English letters) overlapped the most
with the probe string. The control task was designed to act as a high-level
baseline to ensure that the results were not merely the product of an
input, output, or domain-general executive processes and to ensure little
off-task semantic processing, which is likely to reduce the difference in
semantic regions between the tasks (Binder et al., 2009; Visser et al.,
2010a). The control task therefore needed to be at least as challenging as
the semantic task, which proved to be the case [control task: mean RT �
2076 ms (SD � 265); semantic task: mean RT � 1719 ms (SD � 273);
t(23) � 9.74, p � 0.05]. Stimuli were presented in miniblocks of 15 s each
containing three trials. Both tasks started with a central fixation cross
presented for 1000 ms, followed by presentation of the stimuli for 4000
ms. During this time, participants responded by pressing one of two
buttons.

ROIs
Independently derived peak coordinates were taken from the whole-
brain univariate analysis in key semantic areas identified from the liter-
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ature, including ventral and superior ATL, posterior MTG, IFG, medial
prefrontal cortex, and angular gyrus. Within the ATL, a ventral region
has been shown to be critical (Binney et al., 2010; Visser and Lambon
Ralph, 2011; Visser et al., 2012). The role of the aSTG in multimodal
semantics is less clear because it may be more important for auditory and
verbal stimuli (Spitsyna et al., 2006; Visser and Lambon Ralph, 2011;
Visser et al., 2012). A spherical ROI with a 10 mm radius was constructed
around the peak coordinate from the whole-brain univariate analyses of
the active fMRI data in ventral and superior ATL, posterior MTG, IFG,
and medial prefrontal cortex (Jackson et al., 2015). Due to the growing
evidence that the AG region is implicated in a range of cognitive activities
including semantic cognition (Dehaene et al., 2003; Chambers et al.,
2004; Cabeza et al., 2008; Cabeza et al., 2012; Noonan et al., 2013), an ROI
was constructed from the coordinate of peak overlap between all tasks in
a recent, large-scale meta-analysis (Humphreys and Lambon Ralph,
2014). Therefore, the selected ROIs included vATL (�39 �6 39), aSTG/
STS (�51 9 �12), IFG (�51 24 12), mPFC (�9 48 39), pMTG (�60 �48
3), and AG (�48 �64 34). The aSTG ROI includes the dorsal bank of the
anterior STS and is therefore labeled in a way that makes this apparent.
Although there may be distinct functional subregions of aSTG and ante-
rior STS, the specificity of the resting-state functional connectivity anal-
yses used here is not sufficient to distinguish between these regions.
Therefore, dissecting the contribution of these regions is beyond the
scope of the current study. Future studies using more advanced method-
ology, such as higher-field intensity imaging, may be able investigate the
interesting question of whether these regions show distinct connectivity.
A smaller (6 mm) ROI was used to seed from the aMTG (�45 3 �27) to
compare the role of this third intermediate ATL region to the vATL and
aSTG/STS (without overlapping with these ROIs). The Euclidean dis-
tance between the aMTG and the two other ATL ROIs was approximately
equal (vATL 16.16 mm vs aSTG/STS 17.23 mm). ROI creation and anal-
ysis was conducted in the MarsBar toolbox (Brett et al., 2002).

Data analysis
Resting-state. Analysis was performed using statistical parametric map-
ping (SPM 8) software (Wellcome Trust Centre for Neuroimaging) and
the Data Processing Assistant for Resting State fMRI (DPARSF Advanced
Edition, version 2.3) toolbox (Chao-Gan and Yu-Feng, 2010). Distance-
dependent increases in correlations due to motion are a concern for
resting-state functional connectivity analyses (Friston et al., 1996; Van
Dijk et al., 2012; Yan et al., 2013; Power et al., 2014). For this reason, four
methods shown to reduce these effects were used: censoring, global signal
regression, 24-motion parameter regression, and scrubbing of high-
motion time points. These methods are consistent with other resting-
state studies and have been shown to greatly reduce the effects of motion
(Weissenbacher et al., 2009; Anderson et al., 2011; Van Dijk et al., 2012;
Yan et al., 2013; Power et al., 2014; Power et al., 2015).

The first two volumes from each run were automatically discarded to
allow for magnetic saturation effects. SPM was used for slice timing
correction, realignment, and coregistration to the individual’s structural
image. Participants were censored on the basis of a threshold of transla-
tion and rotation. Participants with �3 mm translation or 1 degree of
rotation were excluded from the analysis. This meant that only low-
motion participants were included in the analysis. Within DPARSF, nui-
sance covariates were regressed out and the images were normalized
using DARTEL (Ashburner, 2007) and smoothed with an 8 mm full-
width half maximum Gaussian kernel. The results were filtered at 0.01–
0.08 Hz (Satterthwaite et al., 2013). Nuisance covariates included 24
motion parameters calculated from the six original motion parameters
using Volterra expansion (Friston et al., 1996). These have been shown to
be better than the six parameters alone at decreasing motion effects (Yan
et al., 2013; Power et al., 2014; Power et al., 2015). Time points with a
z-score �2.5 from the mean global power or �1 mm translation were
identified as outliers using the ARtifact detection Tools software package
(ART; www.nitrc.org/projects/artifact_detect). Each of these was entered
as a covariate. White matter, CSF, and global tissue signal were covaried
out and linear detrending was performed. Although regression of the
global signal can cause spurious negative correlations, it greatly reduces
motion-related artifacts (Weissenbacher et al., 2009; Anderson et al.,

2011; Yan et al., 2013; Power et al., 2014; Power et al., 2015). For this
reason, analyses were restricted to positive correlations. Six participants
were excluded due to having motion �3 mm of translation, 1° of rota-
tion, or �5 min of data remaining after scrubbing high motion time
points.

Seed-based functional connectivity analyses were performed from the
ATL ROIs using DPARSF (Chao-Gan and Yu-Feng, 2010; Yan et al.,
2013). Functional connectivity maps were z-score normalized. One sam-
ple t tests were used to find areas displaying significant connectivity to the
seed region. The resulting images were significant at a voxel-level thresh-
old of 0.001 and FWE-corrected at the cluster level with a critical cluster
level of 0.05. Correlations between ROIs were examined to assess the
connectivity between these regions. Comparisons between networks
were conducted using paired t tests on the z-score-normalized functional
connectivity map. In addition, the correlation across the group between
the seed and each semantic ROI was computed and the average of these
values computed per individual. This gave a single statistic for each par-
ticipant determining the connection of this seed to known semantic ar-
eas. This value was compared between seeds using paired t tests to assess
whether they were part of the same network. To be confident that motion
was not a factor, the correlation between the main ROI results (the vATL
to each semantic ROI) and the motion parameters was assessed. For each
individual, the absolute sum of each of the six motion parameters used
for realignment was computed, as well as the absolute sum of all three of
the translation parameters and all three of the rotation parameters. The
correlation between these eight values per individual and the correlations
between the vATL and semantic ROIs were assessed. No significant rela-
tionships between motion and connectivity were found ( p � 0.05).

PPI. To assess the functional connectivity of the vATL during an active
semantic task, a PPI analysis was performed. The contrast of interest was
the semantic task � baseline letter-matching task. Analysis of the task
data was performed using statistical parametric mapping (SPM 8) soft-
ware (Wellcome Trust Centre for Neuroimaging). A 6 mm vATL ROI
was created for use as a seed using the same coordinates as the resting-
state analyses, a size consistent with prior PPI analyses (Ge and Han,
2008; Green et al., 2010; Veit et al., 2012). This seed was used to perform
a whole-brain PPI analysis and the significance of the PPI effect within
the a priori semantic regions was assessed. The same semantic regions in
the IFG, mPFC, AG, and pMTG were used as 10 mm ROIs. Because the
PPI and resting-state analyses are distinct and not directly comparable
(due to a number of differences between the two methods), the size of the
ROI was chosen independently for each analysis on the basis of prior
investigations to be optimal for that analysis. This resulted in a smaller
ROI for the PPI than the resting-state functional connectivity analysis (6
vs 10 mm). To verify that this was not a critical factor in determining the
overall conclusions of the study, the resting-state analyses were repeated
with seed ROIs of 6 mm (identical to the PPI seed). The networks iden-
tified did not change. PPI analysis is based on the extraction of signal at
the seed region and deconvolution with the hemodynamic response
function. Areas with a significant amount of variance relating to the
interaction between the physiological and the psychological contrast are
identified in a regression analysis across the whole brain (Green et al.,
2010; Friston, 2011). The whole-brain results were significant at a voxel-
level threshold of 0.001 and FWE-corrected at the cluster level with a
critical cluster level of 0.05. ROI analyses were performed on the whole-
brain result to assess whether the core network of regions considered a
priori to be semantic were functionally connected in the semantic task.

Although PPI and resting-state functional connectivity analyses both
measure functional connectivity, they involve very different computa-
tions and assumptions and therefore direct comparisons do not neces-
sarily reveal state changes between rest and task. Resting-state functional
connectivity analyses involve computing a simple correlation between
the activation time series in the seed regions with all other regions or
ROIs. The same technique cannot be used to assess the connectivity
within the task data because changes in correlations may be caused by
more basic changes in activity between the conditions; areas that are
coactivated within a condition would appear to be correlated more re-
gardless of their true influence on each other (Friston, 1994; Friston et al.,
1997). PPI uses a regression model to assess which regions have activity
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that can be predicted by the activity of the seed region in one condition
more than in another after the difference in activity levels between con-
ditions has been factored out. As such, PPI is directional, contrastive, and
more stringent than standard resting-state functional connectivity (Fris-
ton, 1994; Fornito et al., 2012). Therefore, differences in the results of
the resting-state functional correlation and PPI analyses may relate to the
change between the task and rest state or to differences between the
analysis methods and cannot be easily interpreted. Here, the results of
the PPI analysis are provided as a complement to the resting-state func-
tional connectivity to explore vATL connectivity and the relation
between this connectivity and performance on a semantic (but not a
high-level baseline) task.

The PPI analysis highlighted areas of the network that have been im-
plicated in demanding semantic processing (see below). Therefore, to
test an emergent hypothesis, an independent set of trials that experimen-
tally manipulated the level of semantic control were analyzed. In the low
control condition, foils were from a domain unrelated to the probe item,
whereas, in the high control condition, foils were from the same category
(e.g., barrel– box combined with the foil plum or seat). These trials were
preprocessed in the same manner as the other task runs, but were not
included in the PPI analysis (Jackson et al., 2015). A simple univariate
analysis was performed contrasting activity in the high and low semantic
control trials.

Results
Connectivity of semantic areas within the resting-state data
The vATL seed showed functional connectivity during a resting
state with a network of areas linked to semantic cognition (Fig. 1,
Table 1). Significantly correlated regions were found within bi-
lateral ATL, medial temporal lobe, pMTG, AG, frontal cortex,
and insula. Further significant connectivity was found within bi-
lateral middle and posterior cingulate and precuneus, as well as
the right precentral and postcentral gyri and the cerebellum. Fig-

ure 1C shows the considerable overlap between this vATL-seeded
resting-state network and the areas identified in a standard GLM
analysis of the active semantic task. ROI analyses of the resting-
state data showed that the vATL was functionally connected to all
regions associated with multimodal semantic processing (IFG,
t(70) � 4.152, p � 0.001; mPFC, t(70) � 7.746, p � 0.001; pMTG,
t(70) � 7.255, p � 0.05; AG, t(70) � 7.885, p � 0.001). Further-
more, all of these regions were functionally connected to each
other (p � 0.001). This suggests that the vATL is functionally
connected to a semantic network, as expected.

The aSTG/STS seed showed a functional connectivity pattern
that differs greatly from the one observed for the vATL seed (Fig.
2, Table 1). Significant connectivity was found along the superior
aspects of the temporal lobes bilaterally and in posterior temporal
cortex. Bilateral inferior and middle frontal gyri, supramarginal
gyrus, precentral and postcentral gyri, supplementary motor area
(SMA), insula, and occipital cortex and left parahippocampal
gyrus were also significantly connected. Significant positive cor-
relations were found between the aSTG/STS and the IFG (t(70) �
2.925, p � 0.05) and pMTG (t(70) � 5.293, p � 0.001) ROIs only.
To assess whether the vATL versus aSTG/STS results reflect sep-
arate networks, paired t tests were performed (Fig. 2B,C). These
distinct subcomponents included bilateral ATL, AG, and frontal
cortex for the vATL seed versus aSTG/STS and IFG, precentral
and postcentral gyri for the aSTG/STS seed versus vATL (Table
2). The distinct nature of the vATL and aSTG/STS networks was
confirmed with a paired t test comparing the correlation between
the aSTG/STS and all other ROIs with the vATL and all other
ROIs (t(70) � 7.254, p � 0.001). In summary, unlike the vATL, the
aSTG/STS does not appear to be a core part of the multimodal

Figure 1. TSNR and vATL functional connectivity during rest. A, Average temporal signal-to-noise ratio for the resting-state EPI data in MNI space. The data have been realigned and normalized
to MNI space to compute the average TSNR for the group; however, covariates have not been removed because this artificially changes the TSNR. The map is set at a threshold of 40, which is
considered to be the minimum TSNR required to detect differences in signal reliably (Murphy et al., 2007; Simmons et al., 2010; Wang et al., 2013), and is displayed as a range from 40 (dark blue)
to 200 (bright green). Use of the dual-echo technique meant signal reached the minimum threshold throughout the ATL and inferior frontal regions, with most of the brain far exceeding this with
values �200. This meant that we had adequate signal to assess the functional connectivity of the areas commonly suffering from signal loss. Similar TSNR was demonstrated for the task data in
Jackson et al. (2015). B, Resting-state functional connectivity of the vATL. Voxels displaying significant functional connectivity with the vATL are shown in green. The image was thresholded at 0.001
at the voxel level and an FWE-correction was performed at the cluster level with a critical cluster level of 0.05. The vATL seed is overlaid in yellow. C, The functional connectivity (green) of the vATL
is shown with the activity from a univariate contrast of semantics over baseline (dark blue; Jackson et al., 2015). Overlap is shown in cyan. Both the connectivity and activity maps are thresholded
at 0.001 at the voxel level and FWE-corrected at the cluster level. During rest, a network connects the vATL and other regions critical for semantic processing.
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semantic network in the resting-state data. Instead, it connects to
multiple areas implicated in language and auditory processing.

The functional connectivity of the aMTG is shown in Figure
3A (Table 1). Of the a priori ROIs, there was significant connec-
tivity between the aMTG and the AG (t(70) � 5.304, p � 0.001)
and mPFC (t(70) � 6.262, p � 0.001) only. To assess whether the
aMTG was part of a distinct network, areas with significantly
greater connectivity to the aMTG than the aSTG/STS or vATL
and vice versa were identified (Fig. 3B,C). The areas in the
aMTG-seeded network overlapped substantially with those in the
vATL-seeded network, albeit at a lower strength (but higher than
obtained from the aSTG/STS seed). The regions demonstrating
specific connectivity with the aSTG/STS seed were not generally
apparent in either the aMTG-seeded or vATL-seeded networks.
This suggests that the aMTG shows a similar yet slightly weaker
connectivity pattern to the vATL and both are unlike the aSTG/
STS connectivity. These results were replicated with a larger
aMTG seed showing that this was not merely a difference in
power relating to the use of a smaller seed for the aMTG.

Task-related semantic connectivity
The functional connectivity of the vATL during explicit semantic
judgments was determined using a PPI analysis. Figure 4 shows
the whole-brain results (Table 3). Greater connectivity with the

vATL was found during a semantic than baseline task for regions,
including anterior and posterior temporal cortex, angular gyrus,
IFG, mPFC, and occipital cortex. The PPI highlighted areas
known to be important in semantic processing that were also in
the semantic network found during rest, including vATL, IFG,
orbitofrontal cortex, pMTG, AG, and mPFC. ROI analysis of the
PPI effect showed significant connectivity between the vATL and
all the semantic ROIs (AG, t(70) � 3.952, p � 0.001; IFG, t(70) �
5.871, p � 0.001; pMTG, t(70) � 3.927, p � 0.001; mPFC, t(70) �
4.273, p � 0.001). Therefore, the PPI confirmed the finding of a
network of semantic areas connected to the vATL and further
demonstrated the relation of this network to semantic processing
in a constrained task.

The semantic networks identified using the resting-state and
task data were not identical however; the PPI identified large
areas of occipital and frontal cortex not found in the resting-state
functional connectivity analysis. Activation of these regions has
been associated previously with harder semantic trials either in
terms of increased executive control demands (increased in-
volvement of frontal regions) or increased interaction between
semantic regions and lower order visual regions (in the occipital
lobe). To assess this potential explanation, the PPI results were
compared with an experimental contrast of trials requiring high-
and low-level semantic control (Jackson et al., 2015). The high �

Table 1. Significant clusters of functional connectivity during resting-state with subregions of the ATL

Seed Cluster region
Cluster extent
(voxels)

Max
z value

p value
(FWE-corrected)

Peak MNI coordinate

X Y Z

vATL Bilateral frontotemporal cortex, L AG and
insula

11067 Inf �0.001 �39 �9 �39
51 �9 �39
39 �12 �42

Cerebellum 157 6.71 0.005 �21 �87 �42
R AG 191 6.41 0.002 60 �60 30
R pre-CG and post-CG 296 6.13 �0.001 60 �6 45

51 �18 60
57 �15 54

Bilateral PCC 174 5.18 0.003 3 �27 63
R MCC 12 �9 48
L PCC and precuneus 98 4.99 0.036 21 �39 21

12 �12 27
24 �42 12

aSTG/STS Bilateral STG, posterior temporal and
occipital cortex, IFG, pre-CG and
post-CG, SMA and insula

15437 Inf �0.001 �48 12 �12
54 6 �12

�39 �6 �12

L MFG 231 7.02 0.001 �30 48 24
L PhG 288 5.3 �0.001 6 �12 �27

�6 �12 �30
�18 �24 �24

R MFG 94 4.97 0.043 30 48 24
aMTG Bilateral frontotemporal cortex, thalamus,

and insula
8897 Inf �0.001 �45 3 �24

51 6 �21
30 �3 �27

L AG 500 6.73 �0.001 �51 �66 24
�48 �69 45

Cerebellum 190 6.46 0.002 24 �78 �33
45 �78 �39

Bilateral PCC and precuneus 452 6.22 �0.001 �3 �51 33
R AG 219 5.93 0.001 60 �57 30

54 �69 36
45 �54 27

Cerebellum 110 5.89 0.021 �27 �81 �36
Bilateral PCC 218 4.93 �0.001 �6 �30 63

6 �27 63
15 �33 69

Clusters significant at 0.05 after FWE correction. Largest three peaks are listed per cluster. MTL, Medial temporal lobe; PhG, parahippocampal gyrus; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; MCC, midcingulate cortex; CG,
central gyrus.
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Figure 2. Resting-state connectivity of ATL subregions. A, Resting-state connectivity of the aSTG/STS. Voxels displaying significant functional connectivity with the aSTG/STS are shown in red.
The image was thresholded at 0.001 at the voxel level and an FWE-correction was performed at the cluster level with a critical cluster level of 0.05. The aSTG/STS seed is overlaid in yellow. B, C,
Comparison of the functional connectivity of the vATL and aSTG/STS. B, Areas with significantly greater functional connectivity with the aSTG/STS (blue) are shown on top of the areas connected to
the aSTG/STS (red). The image was thresholded at 0.001 at the voxel level and an FWE-correction was performed at the cluster level with a critical cluster level of 0.05. Violet areas represent the
regions of the aSTG/STS network that show significantly greater connectivity to the aSTG/STS than the vATL. C, Areas with significantly greater functional connectivity with the vATL (dark blue) are
shown on top of the areas connected to the vATL (green). The image was thresholded at 0.001 at the voxel level and an FWE-correction was performed at the cluster level with a critical cluster level
of 0.05. Cyan areas represent the regions of the vATL network that show significantly greater connectivity to the vATL than the aSTG/STS.
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low semantic control contrast did indeed activate similar occipi-
tal and frontal regions, suggesting that these areas are recruited
for more difficult semantic processing (Fig. 4B). These regions
may have been identified in the PPI analysis and not the resting-
state functional connectivity analysis due to either differences in
the methodology or the change in state. Indeed, control processes
may be more critical for task-based processing (which required
explicit decisions and comparison of multiple items) than during
rest. Alternatively, the PPI analysis may be more sensitive to the
subtle variations in the network between conditions due to its
contrastive nature that takes into account the basic activity
pattern.

Discussion
The core aim of this study was to explore, for the first time, the
connectivity of various ATL subregions across the brain with
respect to their contributions to semantic cognition. This allowed
a novel exploration of the functional network underlying seman-
tic cognition. Compelling evidence for the function of this net-
work was provided by demonstrating convergent functional
connectivity under resting-state and task-active conditions. The
vATL and aMTG (albeit slightly more weakly) areas were found
to connect to a network of regions implicated in semantic cogni-
tion, including the bilateral ATL, IFG, mPFC, AG, and pMTG. In
contrast, the aSTG/STS connected to auditory and language ar-
eas, including superior and posterior temporal cortex, IFG, SMA,
supramarginal gyrus, premotor cortex, and precentral and post-
central gyri. During an active semantic judgment task, the vATL
exhibited additional functional connectivity to frontal and occip-
ital regions, which is upregulated when the processing demands
of semantic tasks are increased.

Semantic network
The major finding from this study was that ventrolateral aspects
of the ATL (vATL and aMTG) are functionally connected to a
single semantic network, which is apparent both in resting-state
and semantic task data. The identified network included regions
implicated in semantic cognition, including bilateral ATL, IFG,
mPFC, AG, and pMTG. Previous research has suggested that
this broad neural network is composed of areas responsible for
the representation and control of meaning. The ATL hub in-
teracts with modality-specific regions to represent coherent
concepts and the controlled retrieval and use of concepts is
supported by frontal and parietal cortices (Thompson-Schill
et al., 1999; Wagner et al., 2001; Patterson et al., 2007; Noonan
et al., 2010; Jefferies, 2013; Noonan et al., 2013; Lambon
Ralph, 2014).

Some of these frontoparietal areas may fulfill more general
roles, for example, selection, retrieval, attention, working mem-
ory, or the processing of time-varying statistics (Petrides and
Milner, 1982; Thompson-Schill et al., 1997; Nyberg et al., 2003;
Humphreys and Lambon Ralph, 2014). Although the AG has
been implicated in semantic representation (Geschwind, 1972;
Binder et al., 2009; Binder and Desai, 2011), it is involved in
diverse tasks, including the default mode network, and may relate
to a more general cognitive process (Göbel et al., 2001; Cabeza et
al., 2008; Cattaneo et al., 2009; Hutchinson et al., 2009; Cabeza
et al., 2012; Humphreys and Lambon Ralph, 2014; Humphreys et
al., 2015). Various meta-analyses have shown partial overlap be-
tween semantic (IFG and pMTG) and domain-general (PFC and
inferior parietal) regions, also identified in frontoparietal control
and multi-demand networks (Duncan, 2001, 2006; Vincent et al.,
2008; Spreng et al., 2010; Leech et al., 2011; Noonan et al., 2013;
Humphreys and Lambon Ralph, 2014). Our working assumption
is that, although these areas may be primarily domain general,
they are commonly engaged and contribute to semantic process-
ing, particularly when this processing becomes demanding in
nature.

The ventral and dorsal mPFC regions identified are active
in semantic tasks (Binder et al., 2009), but involvement may
depend on task demands or may be missed due to poor signal
in ventral regions (Noonan et al., 2013; Halai et al., 2014).
Additional connectivity of premotor and primary motor cor-
tex may relate to implicit motor processing of internal lan-
guage or motor planning. Connectivity was demonstrated
between the vATL and the medial temporal lobe. Anterior
hippocampus and perirhinal cortex were shown previously to
connect functionally to the vATL, lateral orbitofrontal cortex,
and amygdala (Ranganath and Ritchey, 2012; Ritchey et al.,
2014). These regions were considered to be responsible for
assessing the significance of newly encountered items based on
existing knowledge (Ranganath and Ritchey, 2012). The cur-
rent findings corroborate the connectivity between these ar-
eas, but suggest that these regions form part of a larger
network reflecting semantic cognition more generally.

The connectivity of the semantic network can be interpreted
in the context of known structural connections. A corticocortical
evoked potential study showed fast transmission between the
vATL and IFG (via the uncinate fasciculus) and pMTG (likely via
inferior and middle longitudinal fasciculi), suggesting direct con-
nections (Catani et al., 2002; Catani et al., 2003; Matsumoto et al.,
2004; Binney et al., 2012; Von Der Heide et al., 2013). Although
direct connections between the vATL and parietal cortex are ab-

Table 2. Comparing the functional connectivity of the vATL and aSTG/STS

Contrast Cluster region
Cluster extent
(voxels)

Max
z value

p value
(FWE-corrected)

Peak MNI coordinate

X Y Z

vATL� aSTG/STS Bilateral frontotemporal cortex, precu-
neus, PCC, and cerebellum, L AG

15220 Inf �0.001 �36 �9 �42

R AG 656 Inf �0.001 48 �66 33
aSTG/STS � vATL Bilateral aSTG, IFG, pre-CG and post-

CG, MFG, mCC, SMA, caudate, SMG,
precuneus and occipital cortex

17931 Inf �0.001 �48 12 �12
51 9 �12

�39 �6 �12

MFG 385 7.25 �0.001 �33 42 24
L PhG 105 4.78 0.030 �3 �6 �30

�15 �21 �27

Clusters significant at 0.05 after FWE-correction. Largest three peaks are listed per cluster. MTL, medial temporal lobe; PhG, parahippocampal gyrus; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; MCC, mid cingulate cortex; CG,
central gyrus; SMG, supramarginal gyrus.
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sent, indirect connections exist via the
pMTG and arcuate fasciculus (Catani and
Ffytche, 2005; Catani and Mesulam, 2008;
Binney et al., 2012).

Differential connectivity of subregions
of the ATL
There was a clear separation of connectiv-
ity patterns within the ATL. Areas critical
for semantic cognition connected to the
vATL. In sharp contrast, the aSTG/STS
connected to bilateral STG, precentral
and postcentral gyri, SMA, supramarginal
gyrus, posterior temporal and premotor
cortex, and inferior and middle frontal
gyri. These areas are crucial for receptive
and expressive language, particularly pho-
nology and articulation, and are consis-
tently included in traditional and modern
models of language (Eggert, 1977; Berker
et al., 1986; Hickok and Poeppel, 2004;
Indefrey and Levelt, 2004; Vigneau et al.,
2006; Hickok and Poeppel, 2007; Hickok,
2009; Hartwigsen et al., 2010; Price, 2010;
Ueno et al., 2011; Price, 2012). These re-
gions are structurally connected and may
constitute distinct networks responsible
for motor, tactile, and auditory process-
ing, perhaps forming a phonological feed-
back loop between speech production and
perception (Beckmann et al., 2005; Raus-
checker and Scott, 2009; Price, 2010, 2012;
Cloutman et al., 2013).

The connectivity of the aSTG/STS to
regions associated with processing audi-
tory input, phonology, and speech output
fits well with the proposed function of the
aSTG/STS and its structural connections
to primary auditory regions (Morán et al.,
1987; Binney et al., 2012). The aSTG is
activated when processing meaningful
environmental sounds and intelligible
speech, suggesting a role in accessing
meaning from auditory input (Scott et al.,
2000; Spitsyna et al., 2006; Visser and
Lambon Ralph, 2011). In addition, visu-
ally presented language can activate the
aSTG, perhaps due to the visual language
system commandeering the evolution-
arily earlier auditory system and auto-
matic conversion of orthography to
phonology (Spitsyna et al., 2006; Skipper
et al., 2011). Alternatively, both may in-
volve a more general process, such as the
use of sequential input to compute time-
invariant meanings (Ueno et al., 2011).

Posterior inferior temporal cortex and
IFG were connected to both regions. Both
networks reflect aspects of language pro-
cessing, so may share regions integrating
these aspects or sharing an input. Poste-
rior inferior temporal cortex may inter-
face between auditory and semantic

Figure 3. Functional connectivity of the aMTG during rest. A, Areas significantly connected to the aMTG (violet). The aMTG seed
is shown in yellow. The image was thresholded at 0.001 at the voxel level and an FEW-correction was performed at the cluster level
with a critical cluster level of 0.05. B, Comparison of the aMTG and aSTG/STS. Areas with significantly greater connectivity to the
aMTG than the aSTG/STS are shown in violet and areas with significantly greater connectivity to the aSTG/STS than the aMTG are
shown in red. C, Comparison of the aMTG and vATL. Areas with significantly greater connectivity to the aMTG than the vATL are
shown in violet and areas with significantly greater connectivity to the vATL than the aMTG are shown in green.
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processing (Hickok and Poeppel, 2007). The IFG is consistently
implicated in both phonology and semantics and concurrent
processing leads to great difficulty separating the distinct regions
involved (Devlin et al., 2003; Gough et al., 2005). Therefore, the

connectivity of the two regions may be interpreted as functionally
distinct despite some overlap.

The functional connectivity of the aMTG is more similar to
that of the vATL than the aSTG/STS. This suggests a role in mul-

Figure 4. PPI analysis of vATL functional connectivity in semantic task � letter-matching task. A, Results of the PPI analysis for semantic judgments � letter matching. Voxels that have a
significantly greater connection with the vATL during the semantic than the baseline task are shown in cyan. The vATL ROI is shown in yellow. Results are thresholded at 0.001 at the voxel level and
FWE-corrected at the cluster level with a critical cluster level of 0.05. B, Results of the contrast high semantic control � low semantic control on the activity (violet) in Jackson et al. (2015). Results
are thresholded at 0.001 at the voxel level and FWE-corrected at the cluster level with a critical cluster level of 0.05.

Table 3. Peak areas of the PPI analyses showing significant functional connectivity with the vATL seed during semantic judgments > letter matching

Seed region Region Cluster extent (voxels) Max z-value p value Peak region

Peak MNI coordinate

X Y Z

vATL L frontal and aSTS 11005 5.48 �0.001 L pFG �36 �51 �21
Bilateral occipital, temporal and parietal and R frontal 3193 4.92 �0.001 R inf OFC 30 39 �24
Midbrain 203 4.53 �0.001 Midbrain �6 �24 �18
R frontal 345 4.09 �0.001 R IFG 51 27 27

Clusters significant at 0.05 after FWE-correction. Largest peak is listed per cluster. OFC, Orbitofrontal cortex; FG, fusiform gyrus.
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timodal semantic processing fitting its intermediate position be-
tween auditory and visual input (Morán et al., 1987; Binney et al.,
2010; Visser et al., 2012). The graded differences between the
MTG and ITG versus the sharper divide with the STG are mir-
rored directly by the variations of cytoarchitecture in this region
(Brodmann, 2006). The rostral temporal pole may have a similar
distinction, with superior and ventral subregions connected to
distinct semantic and somatosensory networks resembling those
identified here (Pascual et al., 2015).

Functional connectivity within the task state
vATL connectivity was very similar in the active semantic task
and the resting-state data. Connectivity between regions respon-
sible for multimodal semantic cognition (bilateral ATL, IFG,
mPFC, AG, and pMTG) was demonstrated during the active task
and the resting state. This convergence provides compelling evi-
dence of a core network responsible for multimodal semantic
cognition both during an explicit semantic task and when using
semantic information in free thought. Additional connectivity to
occipital and frontal regions was identified during the active se-
mantic task. These differences are secondary compared with the
finding of core semantic regions connected in both task and rest
states. High correspondence between the two datasets, plus sub-
tler differences, is consistent with prior investigations of state-
dependent connectivity (Jiang et al., 2004; Smith et al., 2009; Di et
al., 2013; Cole et al., 2014).The differences may reflect real
changes in connectivity between rest and task states. One differ-
ence between the states is the greater importance of visual stimuli
during the active task. This could explain changes in connectivity
between core semantic and occipital regions. Similarly, active
tasks are likely to demand greater cognitive control. This could
lead to heightened connectivity between the ATL and executive-
related frontal regions. This explanation was explored further by
showing a high level of overlap between the PPI results and a
univariate analysis of a semantic control manipulation. The PPI
results seem to reflect the core semantic network plus greater
connectivity to sensory input (occipital cortex) and control-
related (frontal) regions. This effect may be heightened by the
nature of PPI analyses. Because PPI contrasts two conditions with
the main effect on activity regressed out, the results reflect the
remaining interaction between the condition and physiological
time series (Friston et al., 1997; Friston, 2011; O’Reilly et al.,
2012). This may lend greater power to connections that vary
between semantic trials.
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