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Abstract

Semantic control allows us to shape our conceptual retrieval to suit the circumstances in a
flexible way. Tasks requiring semantic control activate a large-scale network including left
inferior prefrontal gyrus (IFG) and posterior middle temporal gyrus (pMTG) — this network
responds when retrieval is focussed on weak as opposed to dominant associations. However,
little is known about the biological basis of individual differences in this cognitive capacity:
regions that are commonly activated in task-based fMRI may not relate to variation in
controlled retrieval. The current study combined analyses of MRI-based cortical thickness with
resting-state fMRI connectivity to identify structural markers of individual differences in
semantic control. We found that participants who performed relatively well on tests of
controlled semantic retrieval showed increased structural covariance between left pMTG and
left anterior middle frontal gyrus (aMFG). This pattern of structural covariance was specific to
semantic control and did not predict performance when harder non-semantic judgements were
contrasted with easier semantic judgements. The intrinsic functional connectivity of these two
regions forming a structural covariance network overlapped with previously-described
semantic control regions, including bilateral IFG and intraparietal sulcus, and left posterior
temporal cortex. These results add to our knowledge of the neural basis of semantic control in
three ways: (i) Semantic control performance was predicted by the structural covariance
network of left pMTG, a site that is less consistently activated than left IFG across studies. (ii)
Our results provide further evidence that semantic control is at least partially separable from
domain-general executive control. (iii) More flexible patterns of memory retrieval occurred
when pMTG co-varied with distant regions in aMFG, as opposed to nearby visual, temporal or
parietal lobe regions, providing further evidence that left prefrontal and posterior temporal

areas form a distributed network for semantic control.
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1. Introduction

Our ability to use semantic knowledge to drive appropriate thoughts and behaviour is
fundamental to our mental lives. Semantic cognition is thought to involve at least two
interacting components: conceptual representations encompass stored knowledge about the
meanings of objects, words, sounds and people; while semantic control processes shape
retrieval to suit our goals and the context (Jefferies 2013; Lambon Ralph et al., 2017). These
components are thought to draw on distinct large-scale networks in the brain (Corbett et al.,
2011; Davey et al., 2016; Diez et al., 2017; Gold and Buckner, 2002; Gold et al., 2005; Hallam
et a., 2018; Humphreys and Lambon Ralph, 2017; Jefferies, 2013; Jefferies and Lambon Ralph,
2006; Patterson et al., 2007; Snowden et al., 2017; Vatansever et al., 2017; Wei et al., 2012).
However, little i1s known about individual differences in these abilities — i.e., what are the

structural and functional markers of efficient semantic cognition in healthy participants?

If the capacity to control semantic retrieval is separable from how knowledge is
represented, individual differences in task performance should reflect this multi-component
structure. Semantic tests will not always measure what people know: since concepts have
diverse features and associations, the capacity to shape retrieval to suit the circumstances will
also have a major impact on performance. Semantic control processes are thought to be
required when we have to retrieve non-dominant aspects of knowledge or promote specific
aspects of knowledge in the face of strong competition, in order to suit the requirements of the
current task or context (Badre et al., 2005; Jefferies, 2013; Lambon Ralph et al., 2017;
Thompson-Schill et al., 1997). Semantic control demands are consequently higher when
processing the meanings of ambiguous vs. unambiguous words (Rodd et al., 2005; Humphreys
and Lambon Ralph, 2017; Whitney et al., 2011), matching items on the basis of a single feature
such as colour rather than their global relatedness (Chiou et al., 2018; Davey et al., 2016),
retrieving a specific semantic relationship in the face of strong competition, or retrieving weak
associations (e.g., SAUCER and ASHTRAY) as opposed to strong associations (e.g., SAUCER and
CUP) (Badre and Wagner, 2002; Badre et al., 2005; Davey et al., 2015; Wagner et al., 2001;
Whitney et al., 2012). All of these manipulations have in common the need to promote a
particular pattern of semantic retrieval which is not typical for that item, and all of these tasks
activate a common semantic control network: a meta-analysis of neuroimaging studies
including this range of tasks identified a distributed semantic control network that consisted of
left inferior frontal gyrus (IFG), posterior middle temporal gyrus (pMTG), dorsal angular gyrus
(dAG) bordering intraparietal sulcus (Noonan et al., 2013; see Figure 1). Left IFG is the most
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reliably activated site across participants and tasks, while pMTG shows more variation (Vitello
et al., 2014), suggesting that pMTG might be especially critical to individual differences in the

efficiency of semantic control processes.

Although difficult semantic decisions activate domain-general executive control
regions along with other tasks, left pMTG and anterior portions of IFG fall outside the multiple-
demand system; they are specifically activated by semantic (or memory) tasks (Humphreys
and Lambon Ralph, 2017; Noonan et al., 2013). Left anterior IFG and pMTG show similar
functional connectivity in line with the view that they form a network for semantic control
(Davey et al., 2016; Humphreys and Lambon Ralph, 2017): interestingly, they show
connections with both default mode and multiple-demand regions, which are typically anti-
correlated across tasks and resting states (Davey et al., 2016). This distinctive pattern of
connectivity might be critical for semantic control, which involves the coordination of brain
regions allied to the default mode network that support heteromodal conceptual representations
(e.g., Murphy et al., 2018), with control regions that support demanding tasks. By this view,
individual differences in semantic control may occur somewhat independently of performance

on difficult non-semantic tasks.

B / Semantic control
(Noonan et al., 2013)

Figure 1. A: Meta-analyses of (i) task contrasts manipulating semantic control demands from Noonan et al. 2013;
(in red) and (ii) the term “semantic” from Neurosynth (in green). Semantic regions implicated in control are
highlighted in yellow (showing the overlap of the two meta-analyses). B: Seeds for our analysis defined on the

basis of these meta-analyses (Noonan et al., 2013). (L= Left hemisphere; R = hemisphere)

A causal role for left IFG and pMTG in semantic control has been established through
neuropsychology and brain stimulation. Patients with multimodal semantic deficits in the

context of stroke aphasia (i.e. semantic aphasia) have poor control over semantic retrieval, with



largely intact conceptual knowledge, and this pattern is associated with damage to left IFG or
temporoparietal regions including pMTG (Hallam et al., 2018; Jefferies and Lambon Ralph,
2006; Noonan et al., 2010; Thompson-Schill et al., 1998). While neuropsychology lacks spatial
specificity when drawing inferences about brain-behaviour relationships, inhibitory
transcranial magnetic stimulation (TMS) delivered to left IFG and pMTG elicits equivalent
disruption of control-demanding semantic judgements: for example, there is an inhibitory
effect on the retrieval of weak associations, yet no effect on either strong semantic associations
or control-demanding non-semantic decisions (Davey et al., 2015; Hoffman et al., 2010;
Whitney et al., 2011). Moreover, damage to left IFG in semantic aphasia and inhibitory TMS
to this region in healthy participants elicits an increased response in pMTG to semantic
judgements with high control demands (Hallam et al., 2016; 2018), consistent with a pattern of
functional compensation within the large-scale distributed semantic control network. The
current study supplements these methods by establishing how structural covariation between
brain distant regions predicts the efficiency of controlled semantic retrieval across individuals,

even after accounting for performance on dominant associations and a non-semantic task.

Although most research in cognitive neuroscience focusses on commonalities across
individuals, inter-individual differences can be exploited to understand the neural basis of
human cognition (Kanai and Rees, 2011). Cognitive differences between people can be
predicted from variation in the structure of specific brain regions (Choi et al., 2008; Schilling
et al., 2012). For example, the grey matter density of pre-supplementary motor area (pre-
SMA)can account for inter-individual variability in the ability to select the correct response in
the presence of response conflict (van Gaal et al., 2011), while the cortical thickness of rostral
medial temporal cortex correlates with verbal memory performance (Dickerson et al., 2008).
However, cognitive variation is not only associated with the morphometry of individual brain
regions but also with structural covariation between regions that form functional networks. For
example, people with higher IQ have greater covariation in cortical thickness between IFG and
other frontal and parietal brain areas (Lerch et al., 2006). For empathy and theory of mind tasks,
structural covariance is more sensitive than regional differences between individuals
(Bernhardt et al., 2013; Valk et al., 2017). Consequently, the current study links individual
differences in performance on tests of semantic control to structural covariation between
posterior temporal and prefrontal regions, as opposed to structural markers for individual sites

in pMTG and IFG.



We used cortical thickness measures in around 200 individuals to characterise the
structural covariance networks of left IFG and pMTG, two key sites for semantic control in
previous group-level neuroimaging analyses (see Figure 1). We examined how these structural
covariance networks are modulated by individual differences in the efficiency of semantic
control. Specifically, we assessed the identification of weak associations, after controlling for
performance on strong associations. This paradigm has been used repeatedly to assess semantic
control across different labs and multiple methods (neuroimaging, neuropsychology and TMS):
all of these approaches have revealed greater involvement of IFG and pMTG for weak than
strong associations (Badre and Wagner, 2002; Badre et al., 2005; Davey et al., 2015; Noppeney
et al., 2004; Wagner et al., 2001; Whitney et al., 2011; 2012). When a strong target is not
present, control processes are potentially required, both to focus retrieval on the aspects of the
probe that relate to the target, and also to select the most relevant potential target from the
distractors (Whitney et al., 2011). Consequently, weak association trials are thought to place
greater demands on ‘controlled retrieval processes’ which shape patterns of retrieval away from
dominant but currently-irrelevant knowledge and towards weaker yet relevant information
(Lorch, 1982). We used a behavioural efficiency metric that combined response time with
accuracy, since on this task individuals may trade-off speed and accuracy in different ways. To
our knowledge, this is the first cortical thickness investigation of individual differences in
semantic control. Previous studies have linked patterns of intrinsic connectivity in semantic
regions to individual differences in performance (Mollo et al., 2016; Vatansever et al., 2017;
Wei et al., 2012); for example, Wei et al. (2012) found that functional connectivity between
left pMTG and other semantic regions, such as IFG and anterior temporal lobe, was positively
associated with semantic performance. However, this study did not distinguish between

relatively automatic and more controlled aspects of semantic retrieval.

Since brain regions that serve the same functions show greater structural covariance
(Lerch et al., 2006), and left IFG and pMTG (amongst other regions) are thought to form a
network that supports semantic control (Jefferies and Lambon Ralph, 2006; Jefferies, 2013;
Lambon Ralph et al., 2017; Noonan et al., 2013; Whitney et al., 2011), we predicted that seed
regions in left IFG and pMTG taken from the meta-analysis of Noonan et al. (2013) would
show structural covariance with other regions involved in semantic control. Moreover, since
pMTG has more variability than left IFG in the location of activation across individuals (Vitello
et al., 2014), we expected that the structural covariance of pMTG with other semantic control

regions might be particularly important for predicting individual differences in controlled



semantic retrieval ability. We also hypothesised that the structural covariance of pMTG with
other brain areas implicated in semantic control might be more important for performance than
the cortical thickness of pMTG alone, since semantic control is supported by a large-scale
network and structural covariation between regions forming large-scale functional networks
has been shown to be more sensitive to behavioural differences than regional thickness metrics
(Bernhardt et al., 2013; Valk et al., 2017). Better performance is often related to greater cortical
thickness and great covariation in cortical thickness of task-relevant regions (Alexander-Bloch
et al., 2013; Kanai and Rees, 2011; Lerch et al., 2006). Consequently, we anticipated
participants with high performance on weak associations would show stronger structural

covariance between left pMTG and other semantic control regions.

2. Method

2.1 Participants:

The research was approved by the York Neuroimaging Centre and Department of
Psychology ethics committees. We recruited 207 healthy adults from the University of York
(137 females; age: mean + SD =20.21 + 2.35, range: 18 — 31 years). This sample included the
154 participants studied by Vatansever et al. (2017) and Sormaz et al. (2017). All participants
were right handed, native English speakers, with normal or corrected-to-normal vision and no
history of psychiatric or neurological illness. All volunteers provided written informed consent,
were paid or given course credit for their participation and were debriefed after the study was
completed. We removed from the analysis fifteen participants with missing behavioural data;
two without neuroimaging data; ten without appropriate cortical thickness pre-processing and

two because accuracy was not higher than chance in at least one of the tasks.
2.2 Procedure:

An initial MRI session included a structural scan and a 9-minute resting-state sequence.
Within a week of the scan, participants completed a large battery of computer-based tasks in
three behavioural testing sessions, each lasting two hours. These measures included weak and
strong semantic associations and a non-semantic control task with similar perceptual and motor
requirements. The contrast between strong and weak associations was selected from the task
battery because it closely maps onto manipulations of semantic control used in previous task-

based fMRI studies, and because the stimuli presented in these conditions were matched for



psycholinguistic properties (see below). The order of these tasks and the order of sessions was
counterbalanced across participants. For a more complete description of those aspects of

cognitive testing that fall outside the scope of the current study, see Vatansever et al. (2017).
2.3 Tasks:

The tasks employed a three-alternative force choice design. A probe was presented with
a target and two unrelated distracters, which were targets in other trials. Each trial started with
a blank screen for 500ms. The response options were subsequently presented at the bottom of
the screen for 900ms. Finally, the probe was presented at the top of the screen, triggering the
onset of the decision-making period. The probe and choices remained visible until the
participant responded, or for a maximum of 3 seconds. Both response time (RT) and accuracy

were recorded. See Figure 2 for an example trial for each task.

2.3.1 Weak and strong association matching: Participants were asked to select the

target word that was most strongly associated with a probe picture. The semantic association
that linked probes and targets was either strong (BRASS INSTRUMENT — ORCHESTRA) or weak
(BRASS INSTRUMENT — PARADE). For strongly-linked items, semantic control demands are
thought to be minimised because task-relevant information is relatively easy to retrieve. In
contrast, controlled retrieval processes are thought to be required to identify weakly-
associated targets, since task-relevant aspects of knowledge are not the most strongly-
encoded aspects of knowledge; therefore, semantic activation may need to be ‘shaped’ to
focus on the specific aspects of knowledge that are relevant to the association being probed.
This manipulation has been used in many previous task-based fMRI studies (Badre et al.,
2005; Davey et al., 2016; Noppeney et al., 2004; Wagner et al., 2001) and TMS studies
(Davey et al., 2015; Whitney et al., 2011) of semantic control, highlighting a role for pMTG
alongside IFG in controlled semantic retrieval. The strong and weak trials were selected from
a large database used in previous experiments (Krieger-Redwood, 2012; Davey et al., 2015).
The strength of association between probe-target pairs was assessed using a 7-point Likert
scale, along with the familiarity and imageability for each member of the pair. The mean
association rating between probes and targets was 6.02 for ‘strong’ pairs and 3.32 for ‘weak’
pairs (t(118) =21.74; p < 0.001). There were no differences between conditions in word

length, familiarity, imageability or lexical frequency (Table 1). There were sixty strong and



sixty weak association trials, presented in four blocks of thirty trials each. The order of trials

within each block was randomized across subjects.

2.3.2 Figure matching task: This was a non-semantic control task, with similar

perceptual and decision-making demands to the semantic judgments. The stimuli were sixty

pixelated and scrambled black-and-white photographs of faces (taken from Krieger-

Redwood, 2012). Participants were asked to select the target that was identical to the probe;

the distracters were the same images rotated by 180° or 270°. The task was split in two

blocks of thirty trials each.
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Figure 2. Top row: Illustration of the behavioural tasks. For all the tasks, correct answers are underlined. Bottom

row: Mean accuracy and response time for each task. Error bars represent 95% confidence intervals.



Table 1 Psycholinguistic variables for weakly and strongly-associated target words.

Target Mean SD t Sig.
Strong association 6.43 0.39 -0.16 0.873
Word length
Weak association 6.6 0.34

Strong association 13564.8 1887 0.89 0.374
Lexical Frequency

Weak association 11233.6 1805

Strong association 6.02 0.09 -0.88  0.381
Familiarity

Weak association 6.12 0.08

Strong association 5.16 0.13 1.07  0.287
Imageability

Weak association 4.96 0.13

Strong association 6.02 0.07 21.74  0.000
Semantic association

Weak association 3.32 0.10

2.4 MRI data acquisition:

MRI data was acquired using a 3T GE HDx Excite Magnetic Resonance Imaging (MRI)
system utilising an eight-channel phased array head coil tuned to 127.4 MHz, at the York
Neuroimaging Centre, University of York. Structural MRI acquisition in all participants was
based on a T1-weighted 3D fast spoiled gradient echo sequence (TR = 7.8 s, TE = minimum
full, flip angle = 20°, matrix size = 256 x 256, 176 slices, voxel size =1.13 x 1.13 x 1 mm). A
nine-minute resting state fMRI scan was carried out using single-shot 2D gradient-echo-planar
imaging (TR = 3s, TE = minimum full, flip angle = 90°, matrix size = 64 x 64, 60 slices, voxel
size =3 x 3 x 3 mm?, 180 volumes). Participants were asked to passively view a fixation cross
and not to think of anything in particular during the resting-state scan. A FLAIR scan with the
same orientation as the functional scans was collected to improve co-registration between

subject-specific structural and functional scans.

2.5 Data pre-processing:

2.5.1 Behavioural data: To account for potential speed-accuracy trade-offs, inverse

efficiency scores were used as the dependent measure: i.e., the mean RT for correct responses
in each task was divided by the proportion of correct responses (Townsend and Ashby, 1983).
We reversed this measure so that higher efficiency scores would correspond to better

performance. Inverse efficiency is commonly used to measure behaviour performance (Wei et
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al., 2012), because it accounts for differences between individuals in the way that accuracy and
speed are traded-off against each other. Outlying values (£3SD) were replaced with mean £3SD.

Finally, we calculated z-scores for each task across subjects before performing any analyses.

2.5.2 Cortical thickness measurements: FreeSurfer was used to estimate vertex-wise

cortical thickness (5.3.0; https://surfer.nmr.mgh.harvard.edu), using an automated surface
reconstruction scheme described in detail elsewhere (Dale et al., 1999; Fischl et al., 1999;
Fischl and Dale 2000; Fischl et al. 2001). Briefly, the following processing steps were applied:
intensity normalization, removal of non-brain tissue, tissue classification and surface extraction.
Cortical surfaces were visually inspected and corrected if necessary. Cortical thickness was
calculated as the closest distance between the grey/white matter boundary and pial surface at
each vertex across the entire cortex. A surface-based smoothing with a full-width at half
maximum (FWHM) = 20mm was applied. Surface alignment based on curvature to an average
spherical representation, fsaverageS, was used to improve correspondence of measurement

locations among subjects.

2.5.3 Resting state pre-processing: All pre-processing of resting-state data was achieved
using FMRIB Software Library (FSL version 4.0, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/).
The Brain Extraction Tool (BET) was used to extract individual FLAIR and T1 weighted

structural brain images. Structural images were linearly registered to the MNI-152 template
using FMRIB's Linear Image Registration Tool (FLIRT). FMRI Expert Analysis Tool (FEAT)
was used to perform the following standard analysis steps: (1) correcting for head movement
using MCFLIRT; (2) slice timing correction using Fourier space time-series phase-shifting; (3)
spatial smoothing with 6mm full-width half-maximum (FWHM) Gaussian kernel; (4) grand
mean intensity normalisation of the entire 4D dataset by a single multiplicative factor; (5) high
pass (sigma = 100s) and low pass (sigma = 2.8s) temporal filtering (Gaussian-weighted least-
squares straight line fitting). In each analysis, eleven nuisance regressors were removed,
including the confounding six head motion parameters and the top five principal components
extracted from white matter (WM) and cerebrospinal fluid (CSF) masks using the CompCor
method (Behzadi et al., 2007). We did not perform global signal regression which was reported
to introduce spurious anti-correlations (Murphy et al., 2009). We generated WM and CSF

masks from each individual’s structural image (Zhang et al., 2001).
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2.6 Data analysis:

2.6.1 Cortical thickness analysis: The SurfStat toolbox for Matlab

[http://www.math.mcgill.ca/keith/surfstat/] (Worsley et al., 2009) was used for structural
covariance network analysis, as in previous studies (Bernhardt et al., 2013; Valk et al., 2017).
Two seeds, left IFG (MNI -47 21 18) and left pMTG (MNI -58 -49 -9), were taken from an
fMRI meta-analysis of semantic control (Noonan et al., 2013) (Figure 1). These sites were the
regions with the highest t-values in the meta-analysis of semantic control studies (Noonan et
al., 2013) and the most reliably implicated in semantic control across participants in previous
fMRI and neuropsychological studies. We placed a sphere (radius = 3mm) around each peak
to create the regions of interest (ROIs). To find regions that strongly co-varied with left IFG or
left pMTG in cortical thickness, we constructed a structural covariance network for each seed
by correlating the thickness of each seed with thickness measures across all cortical surface
points. There is a well-established negative correlation between age and cortical thickness
(Tamnes et al., 2010) and gender also influences cortical thickness (Luders et al., 2006);
consequently, these variables were included as covariates of no interest. The model fitted at

surface point i was:
Ti=p0+ P1 * Sex + P2 * Age + B3 * Tseed

where Tseea1s the seed thickness. We determined significant clusters in this model using random
field theory for nonisotropic images (Worsley et al., 1999) which controlled the Family-Wise
Error rate at p < 0.05. We also applied Bonferroni correction to account for the fact that we
included two models (IFG and pMTG); consequently, the final threshold set by FWE correction
was p < 0.025.

To assess the relationship between structural covariance strength and individual
differences in controlled semantic retrieval, we added performance on strong and weak
associations, plus the interaction between performance on weak association trials and cortical

thickness of the seed, to the model above. Therefore, the final model was:

Ti=p0+ BI * Sex + B2 * Age + B3 * Tseea + 4 * Strong associations + 5 * Weak associations

+ B6 * ( Tseea * Weak associations)

where Tseed * Weak associations denotes an interaction. A positive interaction indicates stronger
structural correlation with better performance on weak associations, while a negative

interaction indicates weaker structural covariation for better performance. To assess the
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specificity of this effect to semantic processing, we performed a control analysis that included
the non-semantic figure matching task as an additional covariate, using the following model:
Ti=p0+ B1 * Sex + P2 * Age + B3 * Tseea + P4 * Strong associations + B5 * Weak associations

+ B6 * Figure matching + 7 * (Tseea * Weak associations).

Moreover, since weak associations are more difficult to retrieve than strong associations, we
investigated whether similar results would emerge from the comparison of a more difficult

non-semantic task with an easier semantic task, using the following model:

Ti=p0+ B1 * Sex + P2 * Age + B3 * Tseea + B4 * Strong associations + B5 * Figure matching
+ B6 * (Tseea * Figure matching)

where Tseeq * Figure matching denotes an interaction.

Finally, while most of our analysis focused on structural covariance between purported
semantic control regions, reflecting the accepted view that cognitive abilities reflect the
coordinated action of multiple brain regions, we also examined the relationship between task
performance and cortical thickness within each of our ROIs (left IFG and pMTG). In these
analyses, we examined partial correlations between cortical thickness in a specific region and
performance on specific pair of tasks (e.g., weak associations controlling for strong

associations).

2.6.2 Resting state functional connectivity analysis: Regions found in structural
covariance analysis and corresponding seeds were subsequently used to define ROIs in an
analysis of intrinsic connectivity, measured using fMRI at rest. We identified the peak vertex
in each cluster in the cortical thickness analysis, obtained the coordinates of that vertex in
MNI305 space and transformed to MNI152 space. We placed a sphere (radius = 3mm) around
this peak. The time series from each ROI was extracted and used as an explanatory variable in
the first-level connectivity analysis. In the high-level analysis, the averaged functional
connectivity map derived from each ROI was generated. Finally, we conducted a conjunction
analysis, exploring the regions that showed stronger functional connectivity with both regions
via a formal conjunction analysis, using FSL’s ‘easythresh conj’ tool (Nichols et al., 2005).
For all contrasts, age, gender and head movement parameters were included as covariates of

no interest. To control for multiple comparisons, we considered the number of voxels in the

13



brain and used a cluster forming threshold of Z > 3.1 (P < 0.05). Brain networks were visualized

using BrainNet Viewer (Xia et al., 2013).

3. Results

3.1 Behavioural results:

Figure 2 shows mean accuracy and RT for each task. As expected, weak association
matching was more difficult than strong association matching (inverse efficiency: t = 41.787,
p <0.001). Inverse efficiency for the non-semantic control task, involving meaningless figure
matching, fell between strong and weak association trials (figure matching vs. weak
associations: t = -12.023, p <0.001; figure matching vs. strong associations: t = 20.237, p
<0.001).

3.2 Structural covariance network:

To find regions that co-vary strongly with IFG and pMTG, we constructed the structural
covariance networks of these two regions. The seed in left IFG was correlated with bilateral
IFG and inferior frontal sulcus, right middle frontal gyrus and right middle cingulate cortex
(FWE, p < 0.025; Figure 3A). Patterns of structural correlations from the seed in left pMTG
encompassed regions in left anterior superior temporal gyrus, left inferior parietal sulcus and
right lateral occipital cortex (FWE, p < 0.025; Figure 3B). Together, these patterns of structural
covariance encompassed or lay adjacent to many of the key regions implicated in semantic
control (i.e., by the meta-analysis of Noonan et al., 2013). Moreover, the sites within

intraparietal sulcus and mid-cingulate cortex were distant from both seeds.

4.+ Semantic control
(Noonan et al., 2013)
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Figure 3. Structural covariance analysis seeding from (A) left IFG and (B) left pMTG (FWE-corrected, p<0.025).
C: The meta-analysis of semantic control network (red colour) (Noonan et al., 2013). (L= Left hemisphere; R =

Right hemisphere)

3.3 Relationship between structural covariance and controlled semantic retrieval:

To assess the relationship between structural covariance networks and the efficiency of
controlled semantic retrieval, we investigated the parametric interaction between seed
covariance strength and inter-individual differences in performance on weak association trials,
controlling for performance on strong associations. The structural covariance network of left
IFG was not modulated by weak associations (FWE, p<0.025). However, structural
correlations from left pMTG to left anterior middle frontal gyrus (aMFG) were positively
modulated by weak associations (FWE, p<0.025) (Figure 4). In other words, individuals with
higher weak association performance showed stronger structural covariance between left
pMTG and left aMFG relative to those with lower performance. To further characterise this
interaction, we subdivided the group according to performance on weak association trials
(above and below median). Individuals who showed good retrieval of weak associations
showed a positive correlation between the cortical thickness of left aMFG and pMTG. For
participants who were poorer at retrieving weak associations, there was no correlation (Figure

4).

High weak associations Low weak associations
4 ; 4
) )
L L
= =
© ©
5 2
[ ) [ ]
2.0 25 2.0 2.5
pMTG pMTG

Figure 4. Interaction between the degree of structural covariance of left pMTG and weak associations after
controlling for age, gender and strong associations (FWE-corrected, p<0.025). To illustrate the parametric
interaction effect, regression fits are shown after the group has been split into two groups according to median

performance on weak associations. (L= Left hemisphere.)

A series of supplementary analyses assessed the robustness and specificity of this effect.
Identical results were obtained when figure matching was added as an additional covariate: the
structural covariance between pMTG and aMFG still predicted weak associations after

controlling for both strong associations and figure matching (FWE, p < 0.025). To establish if
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the same pattern of structural covariance between pMTG and aMFG would be observed for
more difficult decisions in general, or whether the effect is specific to semantic control, we also
contrasted the non-semantic figure matching task with the easier strong association judgements.
This analysis did not highlight structural covariation between pMTG and aMFG. Instead,
pMTG co-varied with a region of dorsal anterior cingulate/pre-SMA to a greater extent in
people who were more efficient at making perceptual decisions in the figure matching task
(FWE, p < 0.05, Figure 5). This effect did not survive Bonferroni correlation for the number
of seeds used in the analysis, although it was robust to FWE correction for multiple

comparisons and therefore it is included here for completeness.

High figure matching Low figure matching

2
[ ] [ ]
3.0 3.5 3.0 3.5
pPMTG pPMTG

Figure 5. Interaction between the degree of structural covariance of left pMTG seed region and figure matching
after controlling for age, gender and strong associations (FWE-corrected, p<0.05) To illustrate the parametric
interaction effect, regression fits are shown after the group was split into two groups according to the median of

performance on figure matching. (L = left hemisphere.)

3.4 ROI-based cortical thickness analysis:

We conducted ROI-based cortical thickness to examine the relationship between
cortical thickness in pMTG and IFG individually and semantic control performance. These
regions were defined by a meta-analysis of task-based fMRI studies of semantic control
(Noonan et al., 2013). The cortical thickness of left pMTG correlated with weak associations
(r = 0.186, p = 0.013), but this effect only approached significance after controlling for
performance on strong associations (r = 0.135, p = 0.075). There was no correlation between
cortical thickness of left IFG and weak associations (r = 0.107, p = 0.157). This suggests that
the structural covariation of pMTG with aMFG predicts the efficiency of controlled semantic
retrieval more successfully than the cortical thickness of individual regions previously

implicated in this function.

3.5 Resting-state functional connectivity:
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Given the evidence above that structural covariance between left pMTG and aMFG
predicts the efficient retrieval of weak associations, we examined the intrinsic functional
connectivity of these two sites using resting-state fMRI. The peak from the cortical thickness
analysis in left aMFG (MNI coordinates: -40, 47, 9) and the pMTG peak from Noonan et al.’s
(2013) meta-analysis (MNI coordinates: -58 -49 -9) were used as seeds. We found substantial
overlap between the patterns of intrinsic connectivity for these sites. They both showed
correlations through time with extensive regions of left prefrontal cortex, including inferior
frontal sulcus, plus anterior and dorsolateral aspects of prefrontal cortex, similar but less
extensive prefrontal regions in the right hemisphere, posterior middle and inferior temporal
cortex, dorsal angular gyrus bordering intraparietal sulcus and pre-SMA. We computed a
formal conjunction of these patterns of functional connectivity. This showed striking similarity
with the semantic control network established from a meta-analysis of task-based fMRI studies

(Figure 6).

FC of pMTG
[ e

3 27

FC of aMFG

3 27

Overlapping FC
of pMTG & aMFG

3 27

Semantic control
(Noonan et al., 2013)

Figure 6. The positive functional connectivity (FC) networks from (A) pMTG and (B) aMFG (FWE-corrected,
p<0.025). A direct comparison between (C) the conjunction of functional connectivity for pMTG and anterior
MFG and (D) a meta-analysis of semantic control (Noonan et al., 2013). (L = Left hemisphere; R = Right

hemisphere.)
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4. Discussion

This study investigated the biological basis of individual differences in semantic control
using cortical thickness metrics in a large sample of around 200 participants. We found that a
key semantic control region from the task activation literature, left pMTG, showed stronger
structural covariation with aMFG in people who showed relatively efficient controlled
semantic retrieval. A similar network including posterior temporal and anterior and inferior
prefrontal regions shows activation during fMRI studies of control-demanding semantic tasks.
This pattern of structural covariation was observed even when we controlled for performance
on similar non-semantic decisions. Moreover, the structural covariance between pMTG and
aMFG did not predict performance when a relatively demanding non-semantic figure matching
task was contrasted with easier judgements of strong semantic associations, suggesting the
effect was specific to control-demanding patterns of semantic retrieval. The two sites showing
structural covariation also had highly overlapping patterns of intrinsic connectivity at rest,
consistent with the view that these regions form a functional network. This intrinsic
connectivity network resembled the set of distributed brain regions that show stronger
activation when semantic control demands are high (Noonan et al., 2013). The overlapping
intrinsic connectivity for pMTG and aMFG included domain-general executive control regions,
such as inferior frontal sulcus and pre-SMA, as well as sites within the default mode network,
in left angular gyrus and dorsolateral prefrontal cortex, in line with the findings of Davey et al.
(2016) who proposed that semantic control regions show strong connectivity at rest to these

two networks that are normally anti-correlated.

The suggestion that pMTG contributes to semantic control remains controversial since
temporal lobe regions are not traditionally thought to contribute to the executive control of
behaviour. However, a meta-analysis of task-based fMRI studies identified pMTG as the
second most reliably activated region across diverse manipulations of semantic control, after
left IFG (Noonan et al., 2013) and numerous individual studies have reported responses in both
left IFG and pMTG for the contrast of weak over strong associations (Davey et al., 2016; Gold
et al., 2006). The interpretation of these effects has remained unclear since greater activation
in pMTG could arguably reflect increased activation of conceptual knowledge in more
demanding tasks. Studies have shown that inhibitory stimulation of pMTG disrupts the retrieval
of weak associations more than strong associations (Davey et al., 2015; Whitney et al., 2011),
suggesting that this region does play a critical role. However, the potential for individual

differences analyses to inform our understanding of brain-behaviour relationships is under-
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exploited. The current results therefore make an important contribution to knowledge by
showing that if pMTG co-varies in cortical thickness with a region in aMFG, participants tend
to be more efficient at retrieving weak associations. These observations are also consistent with
a previous study which found that pMTG activation to control-demanding semantic tasks is
more variable in location and intensity across participants than the response in left IFG (Vitello
et al., 2014). This finding might reflect differences between people in the extent to which
pPMTG is recruited to support semantic control — i.e., people might universally recruit left IFG
but those people who also recruit pMTG might show the most efficient controlled semantic

retrieval, and also the strongest structural covariation between pMTG and left aMFG.

Interestingly, the pattern of structural covariation between sites appeared to be a better
predictor of performance on semantic control tests than the overall thickness of left pMTG
itself, in line with a network view of cognitive functions. Previous studies have found that
structural markers of social cognitive ability are also reflected in interregional networks as
opposed to anatomical variation within specific regions. For example, the structural covariance
network of dorsal anterior insula, but not its thickness, correlated with individual differences
in empathic responding (Bernhardt et al., 2013) and structural covariance analysis, not regional
thickness mapping, found a double dissociation between empathy and mentalizing (Valk et al.,
2017). Structural covariance might reflect persistent cross-talk between regions: brain regions
that show stronger correlation in cortical thickness are often part of systems that are known to
sub-serve particular cognitive functions (Alexander-Bloch et al., 2013; Evans 2013). For
example, individuals with greater cortical thickness in posterior parts of inferior frontal cortex
(Broca’s area) typically also have greater cortical thickness in superior temporal cortex
(Wernicke’s area) (Lerch et al., 2006). We also observed similarities between structural
covariance patterns and measures of intrinsic connectivity. The functional connectivity of the
regions forming a structural covariance network, i.e., pMTG and aMFG, had similar patterns
of functional connectivity at rest. Previous studies have also found that patterns of intrinsic
functional connectivity show striking overlap with grey matter co-variance (Seeley et al., 2009;
Segall, et al., 2012) and give rise to similar network parcellations (Kelly et al., 2012). These
findings are consistent with the view that structural covariance might relate to greater cross-

talk between regions.

Our results are also consistent with a functional dissociation between semantic and
domain-general executive control; however, this is not solely based on the role of specific sites,

but instead on their participation in distinct large-scale networks. We found that structural
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covariance between left pMTG and left aMFG predicted performance on weak associations
even after controlling for strong associations (a task comparison that is thought to highlight
controlled semantic retrieval; cf. Badre et al, 2005; Whitney et al., 2011). However, this pattern
did not predict performance on a relatively demanding non-semantic task. These findings are
consistent with the proposal that interactions between pMTG and anterior parts of prefrontal
cortex support relatively abstract or internally-directed aspects of control — i.e., processes that
establish which representations to prioritise when an association between two items is weak,
as opposed to supporting the capacity to select a relevant response across tasks more generally
(Badre and Wagner, 2007; Tomita et al., 1999). In a similar way, both left pMTG and anterior
aspects of IFG show stronger activation for difficult semantic tasks but not executively-
demanding non-semantic tasks (Humphreys and Lambon Ralph, 2017) and inhibitory TMS to
both sites disrupts the retrieval of weak associations, yet has no effect on harder perceptual
judgements (Whitney et al., 2011). Both pMTG and anterior parts of inferior and middle frontal
cortex lie outside the multiple-demand system implicated in cognitive control across domains
(Duncan, 2010; Fedorenko et al., 2013), although they are involved in controlled retrieval from
memory (Barredo et al., 2015; Humphreys and Lambon Ralph, 2017; Noonan et al., 2013;
Whitney et al., 2011).

In contrast, structural covariation between pMTG and pre-SMA predicted performance
on a relatively demanding non-semantic task, relative to an easier semantic task probing strong
associations. This result suggests that pMTG is not exclusively a semantic control region, but
rather can participate in multiple large-scale functional networks — individual differences in
structural covariation might reflect which of these networks is dominant in an individual. At
the group level, pMTG structurally co-varied with both domain-general control and visual
regions, as well as with cortical regions implicated in semantic processing. In line with this
observation, previous work has shown that pMTG functionally couples to many different
networks at rest (Braga et al., 2013). This diverse pattern of connectivity could be crucial to
explaining the varied links between structural covariance of pMTG and behaviour in the current
study. When pMTG co-varies with left prefrontal regions (implicated in memory control), the
capacity for controlled semantic retrieval is high. In contrast, the pre-SMA region showing
covariation with pMTG in people who did well at the non-semantic task is implicated in
domain-general executive control (Duncan, 2010; Duncan and Owen, 2000; Fedorenko et al.,
2013; Thompson and Duncan, 2009). In the meta-analysis of Noonan et al. (2013), pre-SMA

showed a stronger response to control-demanding semantic tasks, but this cluster was also
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implicated in phonological control. In line with the suggestion that pre-SMA contributes to the
multiple-demand system, it shows stronger activation for difficult vs. easy task conditions
across domains, including spatial working memory, verbal working memory, maths and music
(Fedorenko et al., 2013). Inhibitory TMS to pre-SMA induces deficits related to task switching
(Rushworth et al., 2002), conflict resolution (Mars et al, 2009), response inhibition (Chen et
al., 2009) and complex movement sequencing (Lau et al., 2007). Consequently, although pre-
SMA contributes to lexical-semantic tasks (Chee et al., 1999; Moore-Parks et al., 2010; Ulrich
et al., 2013), its functional role is not constrained to this domain; instead it is thought to
contribute to aspects of cognitive control such response selection and switching (Hertrich et al.,
2016). Our data are consistent with this domain-general role for pre-SMA, although this
network-based dissociation requires replication since the pre-SMA cluster did not survive

Bonferroni correction for the number of seeds in our analysis.

Left pMTG shows a pattern of intrinsic connectivity that overlaps with the
frontoparietal network (Yeo et al., 2011) (see Figure 6). Our finding that pMTG forms
structural covariance networks with distinct sites, with diverse consequences for task
performance, is consistent with studies showing that this network implements a wide range of
task demands by rapidly updating its functional connectivity to suit the circumstances (Cole et
al., 2013; Dixon et al., 2018). The frontoparietal network shows stronger shifts in brain-wide
functional connectivity patterns across task states than other networks, and these connectivity
patterns can be used to identify the current task (Cole et al., 2013). pMTG in particular shows
diverse patterns of functional connectivity when compared with other frontoparietal sites
(Dixon et al., 2018). These recent observations might relate directly to our findings that pMTG
covariation with anterior PFC supports semantic control, while covariation with pre-SMA

supports task performance on demanding non-semantic judgements.

One limitation of our study is that we examined structural covariation from specific
seeds in the left hemisphere associated with semantic control. We cannot exclude the
possibility that other sites might be relevant for performance on our tasks. In particular, our
task had some similarities (although also some important differences) with tests of divergent
thinking, such as the remote associates task, which require participants to identify shared
distant associations across multiple items (Bendetowicz et al., 2017; Chermahini et al., 2012;
Mednick, 1962; Mednick et al., 1964). Although the semantic control literature, including
studies employing contrasts of weak and strong associations to single items, have identified a

clear role for the left-lateralised semantic control system (as in this experiment; see Noonan et
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al., 2013 and Lambon Ralph et al., 2017 for a review), the creativity literature has emphasised
a possible role for the right hemisphere in “coarse coding” —i.e., the representation or retrieval
of peripheral meanings and features (Jung-Beeman, 2005; Tompkins et al., 2008). For example,
the generation of unusual associations co-activated the right medial prefrontal regions (Green
et al., 2015) and damage to this region affected the ability to generate remote ideas
(Bendetowicz et al., 2017). In future work, the potential contribution of right-lateralised regions

to semantic control should be examined.
5. Conclusions

In summary, our study documented structural networks that predicted the capacity of
individuals to perform well on tests tapping controlled semantic retrieval. The cortical
thickness of left pM TG and anterior prefrontal cortex together predicted the capacity to retrieve
weak associations. Functionally-significant individual differences in structure were reflected

in interregional networks rather than in the anatomy of specific regions.
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