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Semantic Knowledge of Social Interactions is Mediated by the
Hedonic Evaluation System in the Brain

Myrthe G. Rijpmal, Maxime Montembeault!, Suzanne Shdol, Joel H. Kramer?l, Bruce L.
Miller!, Katherine P. Rankin?

IMemory and Aging Center, University of California San Francisco, 675 Nelson Rising Ln, Suite
190

Abstract

Attaching semantic meaning to sensory information received from both inside and outside our
bodies is a fundamental function of the human brain. The theory of Controlled Semantic Cognition
(CSC) proposes that the formation of semantic knowledge relies on connections between spatially
distributed modality-specific spoke-nodes, and a modality-general hub in the anterior temporal
lobes (ATLs). This theory can also be applied to social semantic knowledge, though certain
domain-specific spoke-nodes may make a disproportionate contribution to the understanding

of social concepts. The ATLs have strong connections with spoke-node structures such as the
subgenual ACC (sgACC) and the orbitofrontal cortex (OFC) that play an important role in
predicting the hedonic value of stimuli. We hypothesized that in addition to the ATL semantic hub,
a social semantic task would also require input from hedonic evaluation structures. We used Voxel
Based Morphometry (VBM) to examine structural brain-behavior relationships in 152 patients
with neurodegeneration (Alzheimer’s disease [N=12], corticobasal syndrome (N=18], progressive
supranuclear palsy [N=13], behavioral variant frontotemporal dementia [N=56], and primary
progressive aphasia (PPA) [N=53]) using the Social Interaction Vocabulary Task (SIVT). This task
measures the ability to correctly match a social term (e.g. “gossiping”) with a visual depiction

of that social interaction. As predicted, VBM showed that worse SIVT scores corresponded with
volume loss in the left ATL semantic hub region, but also in the sJACC, OFC, caudate and
putamen (pFWE < 0.05). These results support the CSC model of a hub-and-spoke organization
of social semantic knowledge with the ATL as a domain-general semantic hub, and ventromedial
and striatal structures as domain specific spoke-nodes. Importantly, these results suggest that
correct comprehension of social semantic concepts requires emotional ‘tagging’ of a concept by
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the evaluation system, and that the social deficits observed in some neurodegenerative disease
syndromes may be caused by the break-down of this mechanism.

Keywords

Social semantics; evaluation system; anterior temporal lobe; frontotemporal dementia; voxel-based
morphometry; semantic appraisal network

1. Introduction

Attaching meaning to the sensory information that our brain receives, both from around us
and within us, is an elemental neural function. The mechanism that transforms this array of
received information into meaningful representations is referred to as semantic cognition.
It does not only support language production and comprehension but helps us infer the
meaning of all types of stimuli, verbal and non-verbal. It is the foundational representation
of concepts in the world, from concrete objects to abstract ideas. The theory of Controlled
Semantic Cognition (CSC), proposed by Lambon Ralph and colleagues (2017), provides

a model for how these semantic representations are produced in the brain. It suggests

that semantics depend on two key neural systems that are highly interlinked with each
other. First, the representation system encodes conceptual knowledge through integration of
information from primary and association areas, and second, the control system modulates
activation in this representation system based on contextual appropriateness.

The representation system has its foundations in the hub-and-spoke model of semantic
cognition (Lambon Ralph et al., 2010b; Patterson et al., 2007; Rogers et al., 2004) This
model represents two interacting systems. The first is a system of modality-specific neural
regions distributed across the cortex that provide core sensory information necessary for
creating concepts, such as audition, vision and olfaction (Kanwisher, 2010; Rice et al.,
2015b) These modality-specific regions (i.e., “spoke nodes”) are reciprocally connected
with a second system, located in the anterior temporal lobes (ATLs), which are bilateral
modality-general hubs that mediate the formation of meaningful semantic representations
from a stream of multimodal information (Lambon Ralph et al., 2010b).

Subregions of the ATL do not contribute equally to the construction of semantic concepts.
Rather, variation exists in the connectivity of distinct subregions with modality-specific
input nodes outside the ATL (Jackson et al., 2016; Papinutto et al., 2016; Pascual et

al., 2015). For example, the ventrolateral portion of the ATL is considered the “true’
convergence zone where information from different modalities is accumulated through
direct connections with other subregions of the ATL. However, moving away from the
ventrolateral portion, semantic function gradually converges in additional locations with
distinct functional specializations (Rice et al., 2015a), for which the nature of the inputs
to a given ATL subregion largely determines the semantic function that subregion serves
(Plaut, 2002). Besides functional specialization within the ATLs, it has also been proposed
that each ATL demi hub (i.e., left and right) contributes asymmetrically to semantic concept
representation (Rice et al., 2015a). To test this, Rice and colleagues (2015b) performed

a meta-analysis with 97 functional neuroimaging studies to determine the role of the left
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versus right ATL in concept generation, and found that typically both hubs activate for

all stimulus types; asymmetric hub activation was observed only for tasks that involved
naming, reading words (word retrieval) and written word stimuli. Furthermore, bilateral
ATL damage causes much more profound cognitive and behavioral deficits than unilateral
damage (Lambon Ralph et al., 2010a; Schapiro et al., 2013). Combined, this suggests that
rather than working independently, the left and right ATLs seem to contribute jointly to
processing in all semantic domains (Schapiro et al., 2013).

A recent review paper by Binney and Ramsey (2020) proposed that similar to non-

social concepts, social concepts are constructed following this CSC framework, with a
domain-general representation system for social semantics in the ATL and domain-specific
representations that provide the information necessary for social concept generation. Binney
and colleagues (2016) compared temporal lobe activation for non-social and social concepts
and revealed that the ventrolateral portion of the temporal lobe activates most strongly for
all concepts, i.e., social and non-social. However, only the superior part of the temporal
lobe was significantly activated for social concepts, which suggests that this region is
selectively involved in social concept processing. The superior ATL is robustly connected
via the uncinate fasciculus (UF) white matter tract (von der Heide et al., 2013) to frontal
limbic regions such as the orbitofrontal cortex (OFC), subgenual anterior cingulate cortex
(SgACC) and other structures involved in value-related evaluation processes (Cunningham
and Brosch, 2012; Hiser and Koenigs, 2018; Rudebeck and Rich, 2018). As proposed in a
review by Olson and colleagues (2013), these connections may support the superior ATL’s
role in social concepts. By tagging concepts with an emotion, these frontal limbic structures
potentially provide the category-specific information that is required to create meaningful
social concepts. Furthermore, seed-based analysis inspecting functional connectivity of
different subregions within the ATL with areas outside the ATL showed that differential
connections exist; however, most of the superior part of the ATL is connected with frontal
limbic structures (Pascual et al., 2015).

In neurodegenerative disease, neural systems are targeted differentially and in various
degrees depending on the underlying pathology of the syndrome (Seeley et al., 2009).

To advance our understanding of the semantic representation system, investigating how

it is targeted in neurodegenerative disease, and how its functions break down in this

patient population, can provide valuable insights. Lesions in the ATL are common for
patients with semantic variant primary progressive aphasia (svPPA) and some patients with
behavioral variant frontotemporal dementia (bvFTD). Early in disease progression, svPPA
patients have primarily atrophy in the left temporal lobe, of which the left polar region

is most prominently affected (Collins et al., 2017). The structures that are generally first
targeted in bvFTD patients are the (right) anterior insula and anterior cingulate cortex,

as well as paralimbic orbitofrontal structures (Seeley et al., 2008). However, subsets of
these bvFTD patients also show gray matter atrophy in the temporal lobe, either bilaterally
(frontotemporal variant) or more predominantly on the right (SAN variant; Ranasinghe et
al., 2016). In these patients, the atrophy pattern typically extends beyond the orbitofrontal
cortex into the temporal pole, though temporal lobe atrophy may not be as extensive as is
observed in svPPA patients (Rosen et al., 2002). Behaviorally, the svPPA and bvFTD patient
groups show deficits in social behavior, though there is variation across patients in intensity
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and characteristics of social behavior changes. For example, bvFTD patients demonstrate
disinhibited or apathic behavior and loss of empathy (Rascovsky et al., 2011). whereas
SVPPA patients have difficulties recognizing emotions or social cues, and thinking about
others’ mental states, i.e., theory of mind (Eldaief et al., 2021).

In this study we hypothesize that social concepts are processed similarly to non-social
concepts, in accordance with the and hub-and-spoke architecture proposed in the CSC
model. We expect that the superior subregion of the ATL, in combination with frontal
limbic structures, form the hub-and-spoke network that supports the ability to make meaning
of social concepts. We also expect that the integration of domain-specific information for
social concepts occurs in both the left and right ATL (i.e., symmetrical contribution). To
test this, we used Voxel-Based Morphometry (VBM) to examine structural brain-behavior
relationships in 152 patients with neurodegenerative disease in relation to a test that
measures the ability to correctly match a social term (e.g., “belittling”) with a visual
depiction of that social interaction. To enable whole brain gray matter atrophy analysis,

we used a transdiagnostic approach that, in addition to patients with bvFTD and svPPA,
included patients with alternate patterns of atrophy covering a broad selection of cortical
regions, including patients with Alzheimer’s disease, corticobasal syndrome, progressive
supranuclear palsy, logopenic primary progressive aphasia (IvPPA) and non-fluent variant
primary progressive aphasia (nfvPPA). We compared gray matter atrophy in this sample
with the social interaction vocabulary test (SIVT), a performance metric for social semantic
knowledge, and we used the Boston naming test (BNT) as a control for general semantic
knowledge, to identify differences in brain correlation between social and non-social
semantic processing.

2. Methods

2.1. Participants

In this study, we included 152 patients with neurodegenerative disease and 19 older

normal controls (NC), which resulted in and 171 participants in total. Prior to analysis

we determined our sample based on diagnostic evaluations that were made at the University
of California San Francisco (UCSF) Memory and Aging Center (MAC) during consensus
meetings with a multidisciplinary team. Evaluations were based on the patient’s clinical
history, physical examination, neuropsychological assessment and structural imaging. Only
NCs with no cognitive or functional deficits, and unremarkable neurological exam and MRI
scan were included. Patients with CDR® plus NACC FTLD Sum of Boxes scores higher
than 12 were excluded. Our study included 12 patients that met the Alzheimer’s disease
syndrome (AD) probable clinical criteria (McKhann et al., 2011), 56 patients that met the
behavioral variant frontotemporal dementia (bvFTD) criteria (Rascovsky et al., 2011), 13
that met criteria of the progressive supranuclear palsy syndrome (PSPS) (Hoglinger et al.,
2017), 18 that met criteria of cortical basal syndrome (CBS) (Armstrong et al., 2013), and
patients that met primary progressive aphasia criteria of the semantic variant (N=22), the
non-fluent variant (N=16) and the logopenic variant (N=15) (Gorno-Tempini et al., 2011).
This study was approved by the UCSF institutional review board for human research, and all
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participants confirmed voluntary participation to data collection by signing informed consent
prior to testing.

2.2. Behavioral measures

2.2.1. Social Interaction Vocabulary Task (SIVT)—The SIVT is a multiple-choice
picture/word task that was developed to measure semantic knowledge of social interactions
(Rankin et al., submitted). The test consists of four stimulus pictures and one target word
that describes a social concept. The examinee is asked to pick from the four stimulus
pictures the picture that best describes the target word (e.g., “scolding™). To perform well on
this task, the participant needs to be able to scan through their semantic knowledge register
to compare the mental picture they have of the word to the pictures displayed in the test, i.e.,
matching internal and visually represented social semantic concepts.

Items for the test were selected based on the familiarity and concreteness of the words.
Additionally, only words that are frequently used in the English language were selected. The
test has three subscales, Easy, Medium and Hard, each consisting of six items. The Easy
subscale consists of items with highest familiarity and concreteness scores, the Medium
subscale of items with average familiarity and concreteness, and the Hard subscales of items
with low familiarity and concreteness. The SIVT total score is calculated based on all 18 test
stimuli, and this total was the primary performance metric used in this study.

2.2.2. Boston Naming Test (BNT)—The BNT is a well-validated picture vocabulary
test of general semantic concept knowledge such as “helicopter’ or ‘mushroom’. The test
consists out of 15 black and white line drawn pictures of concepts that range from more
common (average daily use) to less common (Mack et al., 1992). In the current study,

this test is used to compare general semantic knowledge with specifically social semantic
knowledge measured by the SIVT. Missing data was imputed using Multivariate Imputation
by Chained Equations (MICE ) by specifying age, sex, education, SIVT (sub)total scores,
MMSE total score and CDR® plus NACC FTLD Sum of Boxes as variables of reference.
Based on visual inspection MICE yielded acceptable imputations, see supplementary figure
1 (van Buuren and Groothuis-Oudshoorn, 2011).

2.2.3. CDR® Dementia Staging Instrument PLUS National Alzheimer’s
Coordinating Center (NACC) Behavior and Language Domains (FTLD)—The
CDR plus NACC FTLD is a semi-structured interview that helps characterize the severity
of FTLD-related dementia by rating eight domains of cognitive capacity, which are memory,
orientation, judgment and problem solving, community affairs, home and hobbies, personal
care, behavior and language (Miyagawa et al., 2020). These domains are rated from normal
(score of 0), minimally impaired (score of 0.5), mildly impaired (score of 1), moderately
impaired (score of 2) and severely impaired (score of 3). To assess disease severity, the
global CDR® plus NACC FTLD score was calculated using published scoring rules that
assign weights to domains to ensure score optimization (Knopman et al., 2011, 2008;
Miyagawa et al., 2020). The CDR® plus NACC FTLD Sum of Boxes was calculated using
the total sum of the domains to facilitate equal evaluation of all domains.

Cortex. Author manuscript; available in PMC 2023 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rijpma et al.

Page 6

2.2.4. Mini Mental State Examination—The MMSE is a brief screening test that uses
dimensions such as orientation, attention, recall and language to assess severity of cognitive

impairment. It is a highly verbal screening tool and is mainly sensitive to picking up lower to
moderate levels of impairment (Tombaugh and Mclntyre, 1992).

2.3. Structural neuroimaging and preprocessing steps

All participants underwent 3-T structural magnetic resonance imaging (MRI) on average

8 days before or after completing the SIVT, MMSE and CDR (M=8, SD=17) using a
Magnetom scanner (Siemens Inc., Iselin). All structural T1-weighted images were acquired
on 3T-scanners (Siemens Trio and Siemens Prisma) at the University of California,

San Francisco. T1-weighted 3D magnetization prepared rapid gradient echo (MPRAGE)
sequence was used to obtain the structural images, with acquisition parameters as

follows: 160 sagittal slices, 1-mm thick, skip=0 mm; repetition time=2300 ms; echo
time=2.98 ms; flip angle=9°; field of view=240x256mm2; voxel size=1mm3; matrix
size=256x256. The structural T-1 weighted images were first visually inspected for
movement artifacts and underwent bias-correction, segmentation into tissue compartments,
and special normalization using standard SPM12 parameters. We used the default tissue
probability maps for grey matter, white matter, cerebrospinal fluid, and all other voxels
from SPM12 (TPM.nii) (Ashburner et al., 2016). Then, to optimize inter-subject registration
each participant’s image was warped to a template of 300 confirmed neurologically
normal older controls (ages 44-86, M+SD: 67.2+7.3; 113 males, 186 females) by using
the diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL)
method. Next, the total volume of gray matter, white matter and CSF tissue compartments
was derived using the corresponding MWS probability map for each individual, and total
intercranial volume (TIV) was calculated by summing all compartments. Finally, the
spatially normalized, segmented, and modulated gray matter images were smoothed with
an 8-mm FWHM isotropic Gaussian kernel for use in VBM analysis (Acosta-Cabronero et
al., 2007; Ashburner et al., 2016).

2.4, Statistical analyses

2.4.1. Behavioral data—Regression diagnostics were used to identify potential
influence of age and sex on performance on SIVT Total, which were used as covariates of
no interest. Prior to analysis, the SIVT total score was inspected for outliers exerting undue
leverage, but none were detected. Differences among diagnostic groups or diagnostic groups
and normal controls were explored for the global CDR® plus NACC FTLD score, CDR®
plus NACC FTLD Sum of Boxes, MMSE total score, BNT total score, and SIVT total score
using the SAS PROC GLM method (see table 1). Significant differences between diagnostic
groups and controls were identified for the BNT and SIVT score and demographics using
Dunnett-Hsu post-hoc tests, and differences between diagnostic groups for disease severity
scores were examined using Tukey-Kramer post-hoc tests.

2.4.2. Neuroimaging data—The correlation strength between test performance and
whole-brain atrophy derived with VBM analysis is limited by the level of variance that exists
in a group. This has important implications for studying groups with high atrophy regions
such as dementia patients, since high levels of atrophy results in low levels of voxel-wise
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variance, which limits the emergence of this region in correlation analysis. To account for
the influence of the level of variance, we generated voxel-wise variance maps based on the
entire group.

Next, VBM was conducted over the entire sample to identify how the SIVT total score
predicted gray matter volume. Voxel intensity was summed for the whole sample group,

and linear regressions were used to model the predictive value of the SIVT total score on
each voxel’s gray matter volume. In the main analysis, control variables sex, age and TIV
were included as covariates of no interest. To compare the atrophy patterns correlated with
social semantics to non-social semantics, we visually inspected the correlation between gray
matter volume and performance on the BNT. The BNT total score was also included to

the main analysis as an additional covariate. Next, we ran an error-check analysis using

the CDR® plus NACC FTLD score to inspect influence of disease severity on the main
effect. Family-wise error correction was used to identify the lower bound of the significance
threshold for the VBM analysis. In this correction, the maximum t-values of the imaging
data compared to behavioral data were re-sampled using the Monte Carlo approach, which
includes a 1000 permutations of the error distribution. This was used to create a custom map
of the error distribution based on the data set, i.e., distribution of maximum t-values when
no true relationship exists. The t-value at the 95! percentile of this distribution was taken

as the custom cut-off threshold, rendering t-values on or above this cut-off significant at a
family-wise error corrected level of p <.05 (Kimberg et al., 2007).

We also plotted SIVT performance against volume of the highest max T regions for the
entire sample (N = 171) to control for co-atrophy effects by illustrating how each diagnostic
group contributes to the main effect, and we used whole brain VBM to identify the pattern
of gray matter volume reduction in the bvFTD and svPPA disease groups specifically, by
dummy coding the diagnostic groups against healthy controls.

3. Results

3.1. Demographics and clinical characteristic

Compared to normal controls, svPPA patients performed significantly worse on the SIVT

(p = .013) and bvFTD patients showed a trend towards significance (p = .074). The svPPA
patients also performed significantly worse on the BNT compared to normal controls (p <
.001), as well as PSP patients (p = .007, table 1). All patient groups were significantly older
than the normal control group. For the patient groups, the Global CDR® plus NACC FTLD
score ranged between an average of 0.9 to 1.4, indicating that the patients in our sample had
mild dementia. Pairwise comparison between diagnostic groups showed that on the Global
CDR® plus NACC FTLD, bvFTD patients scored significantly higher than CBS (p = .0076)
and nfvPPA (p = .039). The CDR® plus NACC FTLD Sum of Boxes score showed a similar
pattern, where bvFTD patients scored significantly higher than CBS (p = .0052) and nfvPPA
(p =.0081). On the MMSE, only IvPPA patients scored significantly lower than nfvPPA
patients (p =.039).

Cortex. Author manuscript; available in PMC 2023 July 24.
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3.2. Neuroimaging results

3.2.1. Group voxel-wise variance map—The whole-brain gray matter variance map
revealed higher variance in regions that are typically affected in our patient cohort,

such as the bilateral anterior insula, thalamus, caudate, bilateral temporal pole, bilateral
hippocampus and bilateral entorhinal area, see supplementary figure 1. These findings
suggest that the relative higher level of variance is driven by the difference in atrophy
patterns between the neurodegenerative syndromes included in this study, which is difficult
to avoid in groups with widespread brain atrophy. Furthermore, the results do not indicate
evident signs of floor effects; besides higher variance regions, the level of variance is
adequately spread across the brain.

3.2.2. Gray matter volume predicting SIVT score—Using whole-brain VBM
analysis to model brain regions with a significant linear relationship to SIVT Total score, we
found that lower scores predicted lower gray matter volume predominantly in the subgenual
anterior cingulate cortex (SJACC), medial frontal cortex and gyrus rectus, posterior and
medial orbitofrontal cortex (OFC), middle and anterior cingulate cortex, anterior insula,
polar, superior, middle and inferior (anterior) temporal cortex, nucleus accumbens, putamen
and left head of the caudate (pFWE < .05), see figure 1B and table 2. Weaker but significant
involvement was also found for the posterior insula, thalamus, lateral OFC, fusiform gyrus
and supplementary motor cortex. Volume reduction in the right hemisphere predicted SIVT
scores more for frontal regions and bilateral for temporal regions. Volume reduction showed
a statistically stronger relationship in the right hemisphere for the majority of the frontal
structures, and bilateral involvement for temporal structures. Furthermore, these results do
not mimic the voxel-wise variance map, which indicates that we have evenly distributed
variance (supplementary figure 1). Thus, it is unlikely that important regions were left out of
this result due to inadequate variance of atrophy in our patient sample.

Visual inspection of brain/behavior relationships with the BNT revealed that predominantly
the left temporal lobe correlates strongly with BNT performance. The main effect, i.e.,
correlation of gray matter volume with the SIVT remained very similar when adding the
BNT as an additional covariate in VBM analysis, though the max-T was reduced after
family wise error-correction. After this correction, primarily involvement of the temporal
lobes fell below the cut-off (max T = 4.60, see Supplementary figure 2C). To error-check
whether disease severity had an influence on the main effect, we ran a VBM that included
the CDR® plus NACC FTLD score as an additional covariate, and found similar results
when adding the BNT as a covariate. The main effect remained present, though the

overall effect was reduced in strength. These results indicate that neither general semantic
knowledge or disease severity have significant influence on the main effect, and illustrates
that inclusion of an additional control variable reduces the variance between brain/behavior
relationships and therefore the strength of the effects.

Additionally, by plotting the relationship of each group (N = 171) between SIVT
performance and volume of the most significant Neuromorphometric region, we found that
there is no clear co-atrophy effect present, i.e., no single diagnostic group membership
seems to drive the main effect (supplementary figure 3). Then, for informational purposes,
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we illustrated how these specific atrophy patterns of bvFTD and svPPA patients relates to
the relationship between gray matter atrophy and SIVT total score, we overlayed patient
patterns with SIVT results (see supplementary figure 4).

4. Discussion

In this paper, we show that additional to anterior temporal structures known to mediate
semantic knowledge, gray matter volume in paralimbic structures such as the sgACC, OFC,
anterior cingulate, and insula provide key input to allow comprehension of vocabulary in
the socioemotional domain. We also show that volume in both left and right ATL structures
correlate with correct identification of these social concepts. The contribution of these
regions to the recognition of social concepts remained after controlling for performance on
a non-social semantic task, which suggests that these structures make a unique contribution
to social concept processing. These results provide support for the hub-and-spoke theory

of semantic processing (Lambon Ralph et al., 2010b; Patterson et al., 2007; Rogers et al.,
2004), suggesting that hubs in the left and right temporal cortex and spokes in frontal limbic
areas aid social concept understanding.

4.1. Importance of personalized hedonic evaluations for accurate social concept
identification

The sgACC, striatum, and OFC all play different roles in the evaluation system of the
brain. The sgACC and dorsal striatum (the head of the caudate and putamen) are involved
in reward expectation, where the putamen helps associate actions with reward, while

the caudate nucleus and the sgACC identify the difference between predicted reward

and received reward, i.e., prediction error (O’Doherty et al., 2004). The ventral striatum,
specifically the nucleus accumbens (NA) is suggested to play an important role in motivation
by predicting the amount of reward that will become available when conducting a certain
action (Liljeholm and O’Doherty, 2012; Salgado and Kaplitt, 2015). During anticipation of
small rewards the level of activity in the NA is lower than when anticipating larger rewards,
indicating that NA activity is proportional to the intensity of anticipated reward (Schmidt
etal., 2012). These reward prediction processes support the ventromedial PFC and OFC in
evaluating the hedonic value of a goal, and together this system drives the selection of the
action that an individual judges to be most beneficial to them (O’Doherty, 2011; Rudebeck
and Rich, 2018; Wilson et al., 2014). These neurologic structures also are capable of rapidly
updating these reward computations, allowing his selection process to be adjusted moment-
by-moment depending on situational factors (O’Doherty et al., 2021). During evaluation

of these outcomes, the medial portion of the OFC seems to be more sensitive to positive

or rewarding outcomes, whereas the lateral portion seems more sensitive for punishment
(O’Doherty et al., 2001; O’Doherty, 2007; Ursu and Carter, 2005). A similar spatial
specialization seems to exist on the posterior-anterior axis, where primary reinforcers are
generally processed more posteriorly and secondary reinforcers more anteriorly (Sescousse
et al., 2010), though these dichotomies likely underestimate the complexity of reinforcer
representations in the OFC.
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These frontal limbic structures are structurally tightly connected with regions in the temporal
cortex through the UF white matter tract. The bidirectional connectedness between the
ATLs and frontal orbital regions likely allows for dynamic adaptation of (social) concepts
in the temporal lobes based on value provided by the frontal orbital regions (von der

Heide et al., 2013). By investigating task-free functional brain connectivity, Yeo and
colleagues (2011) identified these structures as part of an intrinsically connected network
they referred to as the “limbic network”, which we and others have termed the semantic
appraisal network (SAN), (Seeley et al., 2012b; Toller et al., 2019; Yang et al., 2021).

This network is selectively targeted in svPPA and some bvFTD patients, as is described

by Seeley and colleagues (2009). Generally, the SAN is defined as having major hubs in
the polar region of the bilateral ATLs and frontal limbic structures, along with subcortical
structures including the head of the caudate, putamen, nucleus accumbens, and amygdala
bilaterally (Rankin, 2020; Yeo et al., 2011). As is displayed in figure 1 a and b, these SAN
structures highly overlap with structures that we identified in our study to be important

for correctly recognizing social interaction words. Because of the role of these main hubs
in making value-based judgements (e.g., OFC and striatum) as well as in the integration

of information in bilateral ATLs to create coherent semantic concepts, the SAN functions
to provide a personalized hedonic value to semantic concepts. In other words, it attaches
‘emotional’ weight to semantic representations, which may be particularly important for
socioemotional concepts (Yang et al., 2021). Our study’s brain-behavior results showing that
these structures are involved in assigning meaning to social concepts is consistent with this
theoretical understanding of the role of the SAN, with both right and left temporal poles
seeming to contribute equally.

4.2. Relevance of sensitivity to social cues for accurate identification of social concepts

Our results also underline the role of the anterior insula and dorsal ACC in social

concept identification. These structures are reciprocally connected, and both contain
neuroanatomically distinct Von Economo and fork neurons (Seeley et al., 2012a), which

are proposed to transmit neuronal signals more rapidly due to their longer axon size (Allman
etal., 2010). The insula is a major afferent hub that is known to receive signals from

the autonomic nervous system through the posterior part of the insula, and brings this
autonomic state of the body to awareness through medial and anterior parts (Uddin et

al., 2017). The dorsal portion of the ACC plays an important role in cognitive control by
generating continuous predictions about the cognitive load that actions will require, which
supports optimization of behavioral responses (Sheth et al., 2012). Combined, these nodes
are the main hubs of the salience network, another intrinsically connected network of which
the primary function is to apply selective attention to stimuli (external or internal) that

are acutely relevant for an individual’s safety, security, or survival (Seeley et al., 2007;
Uddin, 2015). Similar to the SAN, the SN can be identified in healthy brain functioning
(Yeo et al., 2011) and is selectively targeted in disease, particularly in bvFTD syndrome
(Seeley et al., 2009). Behaviorally, bvFTD patients present with prominent disturbances in
social behavior such as social inappropriateness, disinhibition, apathy, and lack of empathic
sensitivity. These research results, which directly connect SN with behavior, indicate that the
break-down of selective attention processes that enable discrimination of subtle social cues
has substantial influence on social functioning. As illustrated in figure 1 a and b, the ACC
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and insula of the SN were identified in this study as being involved in understanding social
interaction concepts. This suggests that selective attention to subtle social cues is important
when linking linguistic and visual representations of a social concept.

4.3. Impaired identification of social concepts in neurodegenerative disease

In our study, the ability to correctly identify social interaction concepts was significantly
impaired in neurodegenerative disease patients with svPPA and (trend towards) bvFTD.

To elucidate how the overall disease-related atrophy patterns typical of each patient group
corresponds with the atrophy patterns in our results, we overlayed atrophy maps of the
sVPPA (green) and bvFTD (blue) patient groups with our VBM maps of SIVT performance
(see supplementary figure 4). This revealed that both disease groups have substantial
overlap with the structures important for social concepts. Specifically, there is overlap in

the sgACC, medial, lateral, and posterior OFC, insula, caudate, and inferior and polar
regions of the temporal cortex, with more overlap in the left hemisphere for svPPA patients,
and more bilateral overlap for bvFTD patients. Although aberrations in social behavior are
foundational for bvFTD disease diagnosis (Rascovsky et al., 2011), disturbances in social
behavior are also increasingly recognized in svPPA. For example, a meta-analysis of social
cognition in svPPA showed that, independent from language comprehension levels, emotion
recognition, theory of mind, and empathy processes are impaired (Fittipaldi et al., 2019). A
similar pattern exists for a subgroup of bvFTD patients with focal degeneration only in SAN
nodes, sometimes called “right temporal” FTD patients, who show impairments in emotion
naming and perspective taking (Ranasinghe et al., 2016). Our results linking lesions in the
SAN with an impaired ability to correctly identify social concepts suggest that the hedonic
evaluation processes mediated by the SAN play a significant and somewhat under-reported
role in the social function deficits observed in these neurodegenerative syndromes.

4.4, Relationship with previous work on social concepts generation

Research investigating social concept generation requires a clear understanding of how
social concepts are different from other, non-social concepts. To establish a better working
definition of social versus non-social words, Diveica and colleagues (2022) quantified the
‘socialness’ of words through study participant ratings. From a range of lexical, semantic
and affective properties, socialness ratings correlated most with the valence, arousal and
abstractness of words. While on a continuum, the majority of social concepts seem more
abstract and higher in valence. In addition, increased socialness predicted a decrease in time
required to recognize a word. These results validate that social concepts can be quantitively
distinguished from non-social concepts. This difference can also be observed in our study,
where the anatomical correlates of a semantic task with no social content, the BNT, are
different from the anatomical correlates of a social semantic task, the SIVT. Mainly the left
temporal lobe correlated with performance on the BNT, and unlike brain correlation with the
SIVT, no orbitofrontal structures were involved.

Neural systems that represent social semantic concepts, with varying levels of specificity,
have been investigated in previous work using different forms of task design and imaging
techniques, which resulted in different brain-behavior outcomes. For example, fMRI studies
contrasting positive-social, negative-social, and non-social (animal) concepts reported
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activation in the bilateral superior and polar ATL, as well as OFC, medial PFC and the
temporoparietal junction (TPJ) (Ross and Olson, 2010; Zahn et al., 2007). In a different
fMRI task participants were asked to decide how semantically related social versus non-
social words were, which activated regions in the dorsomedial and ventromedial PFC,
posterior cingulate cortex, middle temporal cortex, and TPJ (Contreras et al., 2012; Wang

et al., 2019). A study of social action-verb matching used fMRI to show the involvement of
the bilateral ATLs, TPJ, inferior frontal gyrus/OFC, and ventromedial PFC/sgACC (Lin

et al., 2015). In an attempt to reconcile these different studies, Arioli and colleagues

(2020) performed a meta-analysis. While they discriminated similar brain regions in i.e.,

the superior and medial frontal gyrus, middle temporal gyrus, PCC, ACC and precuneus,
they noted that large differences in task design between studies has complicated the ability
to identify a ‘core’ social semantic representation system. Besides task design, many studies
use a functional model of brain-behavior relationships, while in this study we used a
structural design. Conventional fMRI designs may have the disadvantage of signal loss in
the ATLs due to its close location to bone and air in the brain (Olman et al., 2009; Visser et
al., 2010), which may explain discrepancies within functional imaging approaches as well as
between structural and functional imaging results. This limitation can however be overcome
by using analysis sequences optimized to increase signal in the ATL (Binney et al., 2016;
Persichetti et al., 2021; Visconti di Oleggio Castello et al., 2021).

4.5. Limitations and Conclusions

Our study was limited by the usual issues involved with VBM analyses of brain-behavior
correlations, such as the fact that structural damage leading to volume loss does not
necessarily have a direct correspondence with functional changes. Furthermore, we did
maximize variability of affected brain regions in our sample by including neurodegenerative
disease patients with diverse syndromes and performed additional error check analyses

to confirm that we had adequate variance across the brain, particularly in temporal and
frontal regions, but there is always the possibility that our use of the VBM method failed

to reveal additional regions also involved in social concept processing. Another limitation
inherent in this study is that the SIVT, as is the case with many language tasks, is subject to
ceiling effects in healthy individuals and patients with no semantic loss for social concepts.
However, we performed error checks and found that despite this ceiling effect, performance
was variable enough across patients and across patient groups that linear modeling of
brain-behavior relationships was still appropriate.

In future studies of this topic, more realistic test paradigms, such as task based functional
MRI using videos, may better reflect the mechanisms by which large quantities of
information are integrated by the semantic representation system in real life. Using more
naturalistic social stimuli for experiments may help us understand on a more granular
level which parts of the brain provide domain-specific (i.e., spoke-level) information

for a concept, and perhaps reveal the neural mechanisms behind how domain-specific
elements combine to create concepts that are weakly or strongly semantically connected.
Such naturalistic approaches would also better enable insight into the dynamic temporal
influence that hubs of different intrinsically connected networks have on each other. As
our study further elucidated, the SAN and major hubs of the SN play important roles in

Cortex. Author manuscript; available in PMC 2023 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rijpma et al.

Page 13

social concept generation, potentially stemming from the causal influence that the SN has
on downstream networks such as the default mode and frontoparietal networks (Chiong

et al., 2013; Rijpma et al., 2021; Uddin, 2015). Analysis of directional influence (i.e.,
effective connectivity) between main hubs of the SN and SAN networks during social
concept processing can clarify how neural information flow contributes to accurate semantic
cognition. Furthermore, investigating the directionality of intra-network information flow,
specifically through the UF tract, would give the opportunity to understand how dynamics
between bottom-up and top-down processes contribute to the formation and optimization

of (social) semantic concepts. Additionally, the CSC framework’s control system (Lambon
Ralph et al., 2017), which is hypothesized to support generation of semantic representations
through executive control and working memory processes, could also be evaluated using
more naturalistic social cognition tasks to examinate the directional connections between the
adaptive (frontoparietal) and stable (task control) networks.

Taken together, this study shows that the role of the SAN in attaching hedonic value

to semantic representations seems to be particularly important for the accuracy of social
concept generation, and damage to regions comprised in this network is a key mechanism
for social deficits observed in some neurodegenerative syndromes like bvFTD and svPPA.
Our results further support the hub-and-spoke framework as the neural organization
underlying semantic cognition, and social semantics in particular, since connections
between the frontal limbic and subcortical regions with the ATL were required for social
comprehension on our task, likely because these spoke regions convey unique category-
specific information for the generation of social concepts. Furthermore, our finding that both
the left and right ATL were involved in social concept identification is consistent with the
theory that this hub-and-spoke semantic system is bilateral and graded (Lambon Ralph et al.,
2017).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Brain structures that assign value to information predict comprehension of
social concepts

Both left and right anterior temporal lobes seem involved in processing
semantic information

Semantic and behavioral variant frontotemporal dementia patients show
deficits in identifying social interaction words

The identified atrophy patterns support the hub-and-spoke model

The identified atrophy patterns overlap with key regions of the semantic
appraisal network
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Figure 1.
structural atrophy related to SIVT total score. A. Visualization of the intrinsically connected

semantic appraisal network identified by Yeo and colleagues (2011) and the salience
network identified by Toller and colleagues (2018) that highly overlap with the VBM results.
The limbic (here referred to as the semantic appraisal) is represented in light yellow, and
salience networks in magenta. B. Gray matter volumes that significantly correlate with
performance on the SIVT (yellow-red spectrum). C. Main effect of gray matter volume
correlated with SIVT performance (yellow-red spectrum), overlayed with the main analysis
controlled for BNT performance (in blue).
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Table 1

Demographics and clinical characteristics
NC AD bvFTD  CBS IVPPA  nfvPPA PSP sVPPA  Total p )
(N=19)  (N=12) (N=56) (N=18) (N=15)  (N=16) (N=13)  (N=22) (N=171) value ™M
56.8 69.7 63.9 70.1 65.9 69.3(6.4) 675 66.2 65.5

Age 181)  @75*  @n*  @wa* @n* * 73 et (105 0013 13

Sex (M/F) 11/8 715 37/19 13/5 19/6 5/11 6/7 8/14 98/79 14 .06
175 16.2 16.2 15.9 16.2 16.3 15.7

Education ® (30 30) (28) (@4 (@5  T1@D o an 103@Y 49 05

Global

®

ﬁzgcp'us 0.00 1.29 141 . 0.88 Lo 0.89 .1 1.10 121 016 17

FTLDscore (000 (054  (060)” (03n’ (035 (0537  (062)  (049)  (058)

0

CDR® plus

NACC 75(34) 4.6(25

Fripsum 0000) 7028 & C) ; 25 56(22) 39028 68(30) 58(31) 64(34) <001 .20

of Boxes ¢
27.0 21.0 24.2 235 20.0 26.3(4.0) 246 21.6

MMSE total (NA) (5.7) (4.8) (5.7) (5,5)7‘ 7 (%.2) .6) 232(5.2) .013 13

00 12.1 122 135 1“1 34

BNT total 1046 9362 5y %) 8.9 (3.6) L8) ) 30) 10.6 (4.4) <.001 052
17.1 15.5 15.2 15.4 15.6 15.0 143

SIVT total 05) 23) (33) @7 1) 15923) (3 339" 153(3.2) .28 .06

Abbreviations: AD = Alzheimer’s disease; bvFTD = behavioral variant frontotemporal dementia; CBS = corticobasal syndrome; IvPPA = logopenic
variant primary progressive aphasia; nfvPPA = non-fluent variant primary progressive aphasia; PSP = progressive supranuclear palsy; svPPA =
semantic variant primary progressive aphasia; NACC = National Alzheimer’s Coordinating Center: CDR plus NACC FTLD = CDR Dementia
Staging Instrument plus Behavior and Language domains from the NACC Frontotemporal Lobar Degeneration Module. Analyses are controlled for

age and sex if appropriate.

*Different from normal controls at p <.05 using Dunnett-Hsu tests.
**Different from normal controls at p <.001 using Dunnett-Hsu tests.
fDifferent from other disease group(s) at p <.05 using Tukey-Kramer tests.
7‘7‘Different from other disease group(s) at p <.001 using Tukey-Kramer tests.

ON = 26 missing.

0017% missing data, MICE imputed
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Table 2

Atrophy in structures related to social semantic processing

Left hemisphere Right hemisphere

Max T X y z MaxT x y z
Frontal
Subgenual cingulate gyrus 6.89 -6 12 -18 6.34 4 18 -22
Medial frontal cortex 6.05 -3 21 -18 6.20 3 21 -21
Gyrus rectus 5.86 -6 19 =22 6.21 3 21 =22
Medial orbital gyrus 5.83 -13 21 -25 5.40 9 19 -21
Anterior cingulate gyrus 5.49 -2 28 24
Posterior orbital gyrus 5.42 -24 18 -22 5.09 21 19 -22
Superior frontal gyrus medial segment 5.16 -1 37 31 5.26 3 31  -13
Orbital part of the inferior frontal gyrus 4.82 39 22 -10
Central operculum 481 43 -6 7
Frontal operculum 4.80 40 13 1
Precentral gyrus 4.73 54 1 40
Lateral orbital gyrus 461 -36 24 -9 476 37 24 -10
Temporal
Anterior insula 4.96 -33 12 -13 5.81 39 12 -6
Middle temporal gyrus 5.57 -58 -6 -28 5.06 55 4 -28
Temporal pole 5.04 -54 12 -16 5.38 52 9 -30
Superior temporal gyrus 5.24 -58 1 -12 481 58 7 -9
Inferior temporal gyrus 5.26 -49 -7 -39 4.65 54 -7 -36
Posterior insula 4.62 -42 -10 -6 4.82 43 -6 6
Fusiform gyrus 4.68 -40 -40 -27 4.64 39 -39 -28
Subcortical
Accumbens Area 5.71 -10 7 -13 5.12 9 7 -13
Putamen 5.25 -15 6 -13 5.05 24 7 -9
Caudate 5.09 -12 3 12
Thalamus 473 -10 -3 13
Parietal
Middle cingulate gyrus 5.64 -1 13 37 5.05 1 15 39
Supplementary motor cortex 5.53 -3 -6 58 5.05 1 18 42
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