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A B S T R A C T   

Objective: Structural and task-based functional studies associate emotion reading with frontotemporal brain 
networks, though it remains unclear whether functional connectivity (FC) alone predicts emotion reading ability. 
The predominantly frontotemporal salience and semantic appraisal (SAN) networks are selectively impacted in 
neurodegenerative disease syndromes like behavioral-variant frontotemporal dementia (bvFTD) and semantic- 
variant primary progressive aphasia (svPPA). Accurate emotion identification diminishes in some of these pa
tients, but studies investigating the source of this symptom in patients have predominantly examined structural 
rather than functional brain changes. Thus, we investigated the impact of altered connectivity on their emotion 
reading. 
Methods: One-hundred-eighty-five participants (26 bvFTD, 21 svPPA, 24 non-fluent variant PPA, 24 progressive 
supranuclear palsy, 49 Alzheimer’s disease, 41 neurologically healthy older controls) underwent task-free fMRI, 
and completed the Emotion Evaluation subtest of The Awareness of Social Inference Test (TASIT-EET), watching 
videos and selecting labels for actors’ emotions. 
Results: As expected, patients averaged significantly worse on emotion reading, but with wide inter-individual 
variability. Across all groups, lower mean FC in the SAN, but not other ICNs, predicted worse TASIT-EET per
formance. Node-pair analysis revealed that emotion identification was predicted by FC between 1) right anterior 
temporal lobe (RaTL) and right anterior orbitofrontal (OFC), 2) RaTL and right posterior OFC, and 3) left 
basolateral amygdala and left posterior OFC. 
Conclusion: Emotion reading test performance predicts FC in specific SAN regions mediating socioemotional 
semantics, personalized evaluations, and salience-driven attention, highlighting the value of emotion testing in 
clinical and research settings to index neural circuit dysfunction in patients with neurodegeneration and other 
neurologic disorders.   

1. Introduction 

Emotion reading requires multiple social cognitive processes, 
including the ability to attend to, perceive, and identify another’s 
emotion, as well as to label and make inferences about the meaning of 
the emotion (Mitchell, 2009). It is important for successful development 
and maintenance of communication in interpersonal relationships. Poor 
emotion reading skills are frequently reported in patients with 

neurodegenerative (NDG) syndromes such as behavioral-variant fron
totemporal dementia (bvFTD), semantic variant primary progressive 
aphasia (svPPA) and Alzheimer’s disease syndrome (ADs) (Hutchings 
et al., 2017). Investigations of the neural correlates of emotion reading 
in these patients have typically used structural region-of-interest (ROI) 
or voxel-based morphometry approaches (Baez et al., 2016; Kumfor 
et al., 2018), or task-based functional magnetic resonance imaging 
(fMRI) studies (Marshall et al., 2019) rather than examining network 
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connectivity as a trait (Rankin, 2020). Work in the last decade has 
highlighted the selective vulnerability of specific intrinsically connected 
networks (ICNs) in these NDG syndromes (Seeley et al., 2009), but has 
primarily centered on disease-related changes to these ICNs (Zhou et al., 
2010), with few directly investigating how altered ICN function may 
cause characteristic behavioral symptoms like emotion reading impair
ments (Marshall et al., 2019; Van den Stock et al., 2017). 

ICNs are normally-occurring functional networks (Dosenbach et al., 
2007) that underlie specific cognitive, motor, and behavioral functions 
(Laird et al., 2011; Nickerson, 2018; Smith et al., 2009). Two ICNs that 
are focally impacted in NDG syndromes in which patients evidence 
disrupted socioemotional behavior (Rankin, 2020), are the salience 
network (SN), affected in bvFTD, and the semantic appraisal network 
(SAN), affected in both svPPA and some bvFTD patients (Ranasinghe 
et al., 2016b; Seeley et al., 2009). The SN has key hubs in the ventral 
anterior insula (AI) and the dorsal anterior cingulate cortex (dACC) 
(Seeley et al., 2007a). It identifies stimuli with personal salience, in
tegrates sensory, visceral, and autonomic signals, filters information to 
focus attention on stimuli that are homeostatically relevant for an in
dividual, and provides visceral motivation for a response (Seeley, 2019). 
The pivotal role of the SN in socioemotional symptoms in bvFTD is well- 
established (Rijpma et al., 2021; Seeley et al., 2012; Toller et al., 2018). 

Mapping of the variously named “limbic” network or SAN as a 
functionally distinct intrinsic network has been performed in multiple 
studies of healthy individuals (Buckner et al., 2011; Choi et al., 2012; 
Yeo et al., 2014, 2011). The SAN has a key hub in the anterior temporal 
lobe (aTL), and also includes rostromedial prefrontal cortex (ros
tromedial PFC), subgenual anterior cingulate cortex (subgenual ACC), 
nucleus accumbens, and basolateral amygdala (basolateral amygdala). 
These SAN nodes are involved in storage and retrieval of multimodal 
semantic information (Patterson et al., 2007) as well as providing a 
personalized appraisal of semantic information, tagging entities with 
complex hedonic evaluations (Seeley et al., 2012; Stein et al., 2007). 
According to the controlled semantic cognition theory (Binney and 
Ramsey, 2020; Lambon Ralph et al., 2017), semantic processing of both 
non-social and socioemotional information requires multimodal inputs 
from multiple brain regions and networks (“spokes”), but the aTL is the 
semantic “hub” where these inputs converge. Clinical evidence has also 
revealed that patients with degeneration of the aTL SAN hub exhibit 
disruption of semantic representation (Guo et al., 2013; Hodges and 
Patterson, 2007; Seeley et al., 2012), including for social (Pobric et al., 
2016) and emotional concepts (Olson et al., 2013; Rankin, 2020). The 
right anterior temporal lobe (RaTL) and orbitofrontal evaluation regions 
are bidirectionally anatomically connected via the uncinate fasciculus 
white matter tract (Ghashghaei and Barbas, 2002), and have previously 
been identified as important for facilitating the emotion identification 
process (Olson et al., 2013). Stronger structural connectivity between 
the RaTL and subgenual ACC nodes of the SAN via the uncinate fascic
ulus has also been associated with better emotion reading abilities 
(Multani et al., 2017; Papinutto et al., 2016). The RaTL receives more 
sensory input relevant to emotional experience than the LaTL does (Rice 
et al., 2015), and thus may be comparatively more active in processing 
emotional semantics. The relationship between trait-level “resting” 
connectivity in ICNs and functional activation patterns during tasks is 
still being defined (Multani et al., 2017; Nickerson, 2018; Papinutto 
et al., 2016; Smith et al., 2009); however, numerous studies have related 
trait-level resting ICN connectivity with individuals’ cognitive abilities 
and characteristics (Battistella et al., 2019; Seeley et al., 2007b; Toller 
et al., 2018, 2019). 

The primary aim of this study was to investigate whether accuracy on 
an emotion identification task would be predicted by SAN and SN 
functional connectivity, examining the contribution of both mean 
network connectivity and connectivity among cortical and subcortical 
ICN node pairs. Our goal was to provide evidence supporting the exis
tence of this brain-behavior relationship, and we chose to study a diverse 
group of neurodegenerative disease patients because, unlike healthy 

controls, individual patients have variable degrees of impairment in 
emotion reading, as well as disconnection of these key ICNs, providing 
broad enough variance for linear modeling of this brain-behavior rela
tionship. While we expected to replicate the many previous studies 
showing that in early stages, bvFTD and svPPA patient groups would 
perform worse than controls on an emotion identification task, reiter
ating this well-established finding or otherwise characterizing the 
broader socioemotional functioning of these patients was not central to 
this study. 

We designed the study to show the specificity of this brain-behavior 
relationship, hypothesizing that better emotion identification would be 
related to higher mean connectivity in the SAN and the SN, but not to 
connectivity in two “control” networks, the default-mode network 
(DMN) and the sensorimotor network (SMN). While the SMN was chosen 
because it is not directly involved in socioemotional processing and thus 
is a true “nonsocial control network”, we also chose the DMN as a “social 
control network” to further challenge the specificity of the hypothesized 
relationship between emotion reading and SAN and SN connectivity. 
The DMN mediates some aspects of social functioning, including theory 
of mind and self-referential contextualization (Rankin, 2020), and plays 
a role in semantic processing (Binder et al., 2009). The DMN does 
include an anterior temporal node, though this is more weakly corre
lated with other DMN nodes such as the inferior parietal lobule 
(Andrews-Hanna et al., 2010). While these anterior temporal contribu
tions to DMN functioning suggest this network may utilize semantic 
knowledge, given the distinctly memory-related core functions of the 
DMN, we hypothesized that mean connectivity in the DMN would not 
directly contribute to variability in emotion reading accuracy (Andrews- 
Hanna et al., 2010; Buckner and DiNicola, 2019; Humphreys et al., 
2015; Wang et al., 2019). 

Furthermore, because this is the first study to examine how func
tional connectivity in these networks relates to emotion reading, we 
chose to make a secondary analysis exploring the relationship of 
emotion reading to all node pairs in any ICN for which overall mean 
connectivity was a significant predictor. Based on the established 
importance of the ATL in both socioemotional and non-social semantic 
processing, we predicted that connectivity between the rATL and other 
cortical and subcortical structures of the SAN, and particularly the 
subgenual ACC and rostromedial PFC regions of the orbitofrontal cortex 
(OFC), would play a particularly notable role in emotion reading in this 
secondary node pair analysis. 

2. Methods 

2.1. Participants 

A total of 185 individuals, including 144 patients in very early stages 
of five different NDG syndromes and 41 healthy older controls (HC) 
were recruited from the University of California San Francisco Memory 
and Aging Center. Of the 144 individuals with NDG, 26 were diagnosed 
with bvFTD (Rascovsky et al., 2011), 49 with AD syndrome (McKhann 
et al., 2011), 21 with svPPA (Gorno-Tempini et al., 2011), 24 with 
nonfluent variant primary progressive aphasia (nfvPPA) (Gorno-Tem
pini et al., 2011), and 24 with progressive supranuclear palsy (PSP) (see 
Table 1) (Litvan et al., 1996). Clinical diagnoses were determined by a 
consensus team of neurologists, neuropsychologists, and nurses through 
a review of thorough neurological, structural neuroimaging, and neu
ropsychological assessments. Inclusion criteria for the patient groups 
were Clinical Dementia Rating (CDR) score ≤1 (i.e., mild to very mild 
neurocognitive disorder), and valid TASIT-EET obtained within 90 days 
of neuroimaging. Inclusion criteria for the HC group included an unre
markable neurological and structural MRI exam, and no functional or 
cognitive deficits based on thorough history and neuropsychological 
evaluation. The study was approved by the UCSF Committee on Human 
Research and participants gave informed consent. 
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2.2. Behavioral measures 

2.2.1. The Awareness of Social Inference Test, Emotion Evaluation Test 
After diagnosis and enrollment, patients underwent emotion testing 

as part of a larger battery of social and general neuropsychological 
cognition tests. An abbreviated form of The Awareness of Social Infer
ence Test, Emotion Evaluation Test (TASIT-EET) (McDonald et al., 
2004) was used to measure participants’ ability to identify the six basic 
emotions (happy, sad, disgusted, surprised, angry, frightened), using 14 
videos (~20 s duration) in which actors expressed emotions through 
facial, vocal, and gestural modalities. The scripts are neutral in spoken 
semantic content, but the actors express the emotion using matched 
facial, vocal prosody, and gestural cues. After each video, participants 
are asked to select the correct emotion label from six options. Neuro
psychological testers had significant experience evaluating dementia 
patients, and were instructed to discontinue testing if there was evidence 
of test invalidity, i.e. if patients showed difficulty comprehending the 
verbal emotion labels or were otherwise not able to comply with test 
procedures. Therefore, some patients with severe language compre
hension deficits likely did not receive the TASIT-EET and were excluded 
from this sample. 

2.2.2. Neuropsychological assessment 
In order to provide a more comprehensive depiction of the patients’ 

cognitive characteristics apart from emotion reading, data was obtained 
from the original diagnostic neuropsychological evaluation. This battery 
of tests has been described comprehensively elsewhere (Ranasinghe 
et al., 2016b); briefly, tests of memory, executive functioning/attention, 
visuospatial functioning, and language were included, and are listed in 
Table 1. Particularly relevant to analyses for this study, the 10-minute 
delayed free recall of the Benson Complex Figure (BFD) (Possin et al., 
2011) was administered to assess participants’ nonverbal episodic 
memory performance. This non-social task was used to validate the 

brain-behavior specificity of our findings through a double dissociation, 
expecting that the BFD memory score would correlate with mean con
nectivity in the memory network (i.e. the DMN) but not with the SAN, 
SN, or SMN. 

2.3. Resting-state functional imaging 

2.3.1. Image acquisition 
Participants underwent functional and structural neuroimaging 

using a 3T Siemens Trio scanner with 8 min eyes closed FC magnetic 
resonance imaging (fcMRI) protocol. Functional and structural images 
were obtained using a 3T Siemens Trio scanner using a standard 12- 
channel head coil. A volumetric magnetization prepared rapid 
gradient echo (MPRAGE) sequence was used to acquire T1-weighted 
images of the entire brain, with parameters as follows: 160 sagittal sli
ces, 1-mm thick, skip = 0 mm; repetition time = 2300 ms; echo time =
2.98 ms; flip angle = 9◦; field of view = 240 × 256 mm2; voxel size = 1 
mm3; matrix size = 256 × 256. Two hundred and forty task-free func
tional images were obtained using an 8-minute T2*-weighted echo 
planar imaging sequence (36 axial slices, 3-mm thick, slice-gap = 0.6 
mm, repetition time = 2000 ms; echo time = 27 ms; accel = 2; flip angle 
= 80◦; field of view = 230 × 230 mm2; inplane voxel size = 2.5 mm2; 
matrix size = 92 × 92). The sequence was acquired with an online 
gradient adjustment to compensate for head motion. 

2.3.2. Image preprocessing and analysis 
The images were preprocessed and analyzed using Statistical Para

metric Mapping 12 (SPM; https://www.fil.ion.ucl.ac.uk/spm) running 
on MATLAB 2015a (Ashburner et al., 2020) and the FMRIB Software 
Library (FSL; http://www.fmrib.ox.ac.uk/fsl/). The first five volumes 
were discarded to allow for magnetic field stabilization. Images were 
then slice-time corrected, spatially realigned, co-registered to each 
participant’s structural T1-weighted image, and normalized to the 

Table 1 
Demographics and clinical characteristics of the sample (n = 185).  

Mean (SD) HC (n = 41) AD (n = 49) bvFTD (n = 26) nfvPPA (n = 24) PSP (n = 24) svPPA (n = 21) F-statistic p-value 

Age 68.71 (7.06) 61.18 (7.50)*** 60.08 (8.95)*** 67.08 (8.52) 67.54 (7.40) 64.05 (6.31)  7.37 <0.001 
Sex (M/F) 12/29 21/30 16/10 9/15 12/12 10/11  χ2 = 7.74 n.s. 
Education 17.51 (2.24) 16.65 (2.77) 16.69 (4.05) 16.67 (3.68) 15.67 (3.99) 17.76 (3.25)  1.38 n.s. 
MMSE 29.27 (0.84) 22.86 (3.30)*** 26.23 (2.47)*** 26.21 (2.65)*** 25.58 (3.56)*** 25.48 (2.84)***  24.32 <0.001 
CDR 0.00 (0.00) 0.68 (0.28)*** 0.83 (0.24)*** 0.38 (0.30)*** 0.75 (0.26)*** 0.62 (0.27)***  57.93 <0.001  

EXECUTIVE 
Digit span forward a 7.06 (1.10) 4.78 (0.98)*** 5.75 (1.26)*** 4.70 (1.02)*** 5.17 (0.89)*** 6.81 (1.44)  27.66 <0.001 
Digit span backwards a 5.50 (1.44) 3.06 (0.85)*** 3.79 (1.44)*** 3.57 (0.99)*** 3.61 (1.16)*** 4.90 (1.37)  20.57 <0.001 
Modified Trails (lines/min) a 41.25 (17.25) 8.41 (9.19)*** 19.79 (13.40)*** 17.75 (9.10)*** 13.86 (11.08)*** 22.90 (11.96)***  29.14 <0.001  

LANGUAGE 
BNT a 14.56 (0.81) 11.36 (3.33) *** 13.64 (1.59) 12.54 (2.41)* 13.50 (1.77) 5.45 (3.85)***  39.79 <0.001  

VISUOSPATIAL 
VOSP number location a 9.22 (1.31) 6.18 (2.93)*** 8.57 (1.24) 8.92 (1.18) 8.18 (1.76) 9.40 (1.10)  14.75 <0.001 
Benson Figure Copya 15.36 (0.95) 11.24 (5.80) *** 15.21 (0.83) 15.30 (0.97) 13.00 (2.60) 15.48 (1.17)  8.85 0.018 
CATS-FMa 11.80 (0.58) 10.77 (1.68)* 10.54 (1.74)* 11.23 (1.63) 10.47 (1.90)*** 11.90 (0.30)  4.05 0.0064  

MEMORY 
CVLT-SF (30 s delay)a 9.00 (0.00) 3.74 (2.21)*** 5.48 (2.43)* 6.57 (1.75) 6.04 (1.97) 3.35 (2.81)***  10.58 <0.001 
CVLT-SF (10 min delay)a 9.00 (0.00) 2.74 (2.64) *** 4.35 (2.85)** 6.17 (2.08) 5.61 (2.21) 2.05 (2.33)***  13.17 <0.001 
Benson Figure 10 min Delaya 9.97 (0.85) 4.19 (0.75)*** 5.38 (0.90)*** 9.78 (0.92) 5.80 (0.92)*** 7.73 (0.97)*  13.60 <0.001 

TASIT-EETa 10.53 (0.38) 9.51 (0.34)*** 8.51 (0.41)*** 9.46 (0.41)* 10.06 (0.41)*** 7.35 (0.44)***  14.19 <0.001 

Dunnett post-hoc tests were used to analyze group differences in age, MMSE, and CDR. Dunnett-Hsu post-hoc tests controlling for age and sex were used to compare 
neuropsychological tests, least-square mean scores between the patient groups and the control group. n.s. = non-significant, HC = Healthy Control, AD = Alzheimer’s 
disease, bvFTD = behavioral variant frontotemporal dementia, nfvPPA = nonfluent variant primary progressive aphasia, PSP = progressive supranuclear palsy, svPPA 
= semantic variant primary progressive aphasia, MMSE = Mini-Mental State Examination, CDR = Clinical Dementia Rating, CVLT-SF = California Verbal Learning Test 
Short Form, BNT = Boston Naming Task, VOSP = Visual Object and Space Perception Battery, BFC = Benson Figure Copy, BFR = Benson Figure Recognition, CATS-FM 
= Comprehensive Affect Testing System-Face Matching, TASIT-EET = The Awareness of Social Interference Test, Emotion Evaluation Task. 

a Dunnett-Hsu post-hoc comparisons of least-square means against healthy controls were adjusted for age and sex. 
* p < 0.05, 
** p < 0.01, 
*** p < 0.001. 
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Montreal Neurological Institute (MNI) template. The images were re- 
sampled at a voxel size of 2 mm3, and smoothed with a 6 mm full- 
width at half-maximum Gaussian kernel. A band pass filter ranging 
between 0.0083 and 0.15 was applied to reduce the effect of low fre
quency drift and high-frequency noise (Lowe et al., 1998). 

Structural T1-weigthed images were preprocessed using SPM12. The 
images were visually inspected for artifacts, bias-corrected, tissue clas
sified (gray matter, white matter, cerebrospinal fluid segments), 
spatially normalized using SPM12’s default low-dimensional spatial 
normalization step, modulated, and smoothed with a 8-mm FWHM 
isotropic Gaussian kernel. The resulting smoothed, modulated, 
segmented, and normalized gray matter images were resampled at a 
voxel size of 2 mm2 to match the resolution of the ICN masks described 
in Section 2.3.4. 

2.3.3. Head motion correction 
The motion parameters estimated during spatial realignment were 

used to compute the magnitude of head motion during each scan. This is 
because head motion can induce systematic but spurious correlations, 
particularly in older adults and clinical populations (Power et al., 2012). 
Only participants who fulfilled all the following criteria were included 
into the study: maximum translational movement ≤3 mm, maximum 
rotational movement ≤3◦, maximum displacement ≤3 mm between 
functional volumes, and spikes (max displacement >1 mm) occurring in 
<10% of all 240 volumes. Forty-four participants who were otherwise 
eligible and had complete data did not meet these movement criteria 
and were excluded from the study. Mean root-mean-square of volume- 
to-volume changes in translational (in mm) and rotational (mean 
Euler angle) movement were calculated. These values were computed 
because these metrics can be associated with intrinsically connected 
network (ICN) strength (Van Dijk et al., 2012). A general linear model 
(GLM) with age, sex, and Mini-mental State Examination (MMSE) as 
covariates, was computed to examine group differences in head motion 
parameters. The GLM confirmed that there were no group differences in 
translational or rotational head movements (Table 2). 

2.3.4. Derivation of mean ICN connectivity 
To derive values for mean network connectivity in the SAN, SN, and 

the two “control” networks (DMN and SMN), ROI-based ICN analysis 
was conducted by selecting the hub region of each network and mapping 
the distribution of connected regions. The DMN and SMN were included 
as control networks with the expectation that TASIT-EET score would be 
predicted by connectivity specifically in the SAN, but not by connec
tivity in the DMN or SMN, thereby demonstrating the specificity of the 
hypothesized ICN-behavior relationship. The SMN was chosen as a non- 

social control network, and the DMN was chosen as a social control 
network because it has previously been associated with memory and 
theory of mind (i.e. intention attribution) (Andrews-Hanna et al., 2014; 
Caminiti et al., 2015; Rijpma et al., 2021) but not with emotion reading. 
The hub region for deriving each network was selected from published 
studies (Beissner et al., 2013; Yeo et al., 2011), and mean connectivity 
was calculated separately for each network (SAN, SN, DMN, SMN) in 
each participant by computing the mean beta values across all voxels 
within each ICN-specific mask height and extent thresholded mask 
(pFWE < 0.001). The ROIs used to derive four ICNs are: (1) right anterior 
temporal pole (RaTP) at Montreal Neurological Institute (MNI) co
ordinates (36, 22, − 34) for the SAN (Yeo et al., 2011), (2) right ventral 
anterior insula (42, 17, − 10) for the SN (Seeley et al., 2007a), (3) pos
terior cingulate cortex (− 8, − 56, 26) for the DMN (Andrews-Hanna 
et al., 2014), and (4) right precentral gyrus (28, − 16, 66) for the SMN 
(Zielinski et al., 2010). 

MARSBAR toolbox (Brett et al., 2002b) was used to create spheres of 
4 mm radius centered on the MNI coordinates of the chosen ROIs. 
MARSBAR toolbox was also used to extract the average blood oxygen 
level-dependent (BOLD) signal time series of all voxels at each of the 235 
volumes within each ICN’s ROI. The average BOLD signal time series for 
each ROI was then used as a covariate of interest in a whole-brain 
regression model to derive the t-map for each ICN for each partici
pant. A cerebrospinal fluid (CSF) mask in the central portion of the 
lateral ventricles and a white matter (WM) mask based on the highest 
probability in the (FMRIB Software Library) FSL tissue probability mask 
were used to extract mean CSF and WM timeseries. These were included 
as covariates of no interest, along with each participant’s 6 motion pa
rameters, their temporal derivatives, and the squares of all previous 
terms. 32 total covariates of no interest were included in the design 
matrix. 

2.3.5. Atrophy correction 
For each participant, the mean number of gray matter voxels was 

calculated separately within the binary SAN and SN mask, and was used 
as a confounding covariate 1) in order to better control for pathological 
changes in gray matter structure coming from our patient samples, and 
2) to obtain a more generalizable measure of the relationship of TASIT- 
EET and BFD, respectively, to mean SAN and SN connectivity, apart 
from any influence of volume. 

2.3.6. Derivation of ICN node-pairs 
To investigate which specific patterns of within-network functional 

connectivity were predictors of TASIT-EET scores, cortical and subcor
tical ROIs representing the key functional nodes for each network were 

Table 2 
Motion parameters and mean ICN connectivity of the sample.  

Mean (SE) HC AD bvFTD nfvPPA PSP svPPA F-statistic p-value  
(n = 41) (n = 49) (n = 26) (n = 24) (n = 24) (n = 21)   

rs-fMRI preprocessing 
translational motion (mRMS), mm 0.87(0.11) 0.85(0.10) 0.95(0.12) 0.83(0.12) 1.09(0.12) 0.67(0.13)  1.34 n.s. 
Max rotation (mEuler), degrees 0.77(0.11) 0.63(0.10) 0.76(0.12) 0.60(0.12) 0.79(0.12) 0.90(0.13)  0.83 n.s.  

rs-fMRI ICN analysis 
Mean SAN connectivity 0.11(0.0086) 0.06(0.0077)*** 0.05(0.0092)*** 0.07(0.0094)** 0.07(0.0093)** 0.06(0.0099)***  6.09 <0.001 
Mean SN connectivity 0.081(0.0062) 0.071(0.0056) 0.061(0.0066) 0.058(0.0068)* 0.066(0.0067) 0.065(0.0072)  1.86 n.s 
Mean DMN connectivity 0.14(0.0075) 0.090(0.0066)*** 0.097(0.0079)** 0.11(0.0081)* 0.10(0.0081)* 0.97(0.0086)**  3.91 <0.01 
Mean SMN connectivity 0.16(0.010) 0.10(0.009) ** 0.09(0.011)*** 0.09(0.011)** 0.10(0.011)** 0.11(0.012)*  5.38 <0.001 

Motion parameters, and mean ICN connectivity, were controlled for age, sex, and MMSE. Dunnet-Hsu post-hoc tests were used to compare least-square means between 
each patient group and the control group. n.s. = non-significant, HC = Healthy Control, AD = Alzheimer’s disease, bvFTD = behavioral variant frontotemporal 
dementia, nfvPPA = nonfluent variant primary progressive aphasia, PSP = progressive supranuclear palsy, svPPA = semantic variant primary progressive aphasia, 
mRMS = mean root-mean-square, mEuler = mean Euler, SAN = semantic appraisal network, SN = salience network, DMN = default mode network, SMN = senso
rimotor network. 

* p < 0.05. 
** p < 0.01, 
*** p < 0.001 at group comparisons against the HC group 
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selected, including bilateral aTP at MNI coordinates (±36, 22, − 34), 
rostromedial PFC (orbital gyrus (±20, 59, − 15), anterior gyrus rectus 
(±4, 58, − 20)), subgenual ACC (±4, 20, − 15), nucleus accumbens (10, 
11, − 9), and the basolateral amygdala (±20, − 6, − 18) (see Fig. 1) 
(Beissner et al., 2013; Yeo et al., 2011). MARSBAR toolbox for SPM12 
(Brett et al., 2002a) was used to create 4 mm spherical ROIs were 
centered on the peak coordinates of the aTP, orbital gyrus, anterior 
gyrus rectus, subgenual ACC, and nucleus accumbens. To avoid an 
overlap of the ROIs centered on the amygdalae, a ROI size of 3 mm was 
chosen for the basolateral amygdala. Each ROI’s mean voxelwise BOLD 
signal time series was used to calculate correlations with all other node- 
pairs, controlling for the same 32 CSF, white matter, and motion re
gressors as described above. To reduce the number of pairwise com
parisons, we also created four summary scores to group regional nodes 
along the anterior-posterior gradient in the orbitofrontal cortex (OFC) 
(Kringelbach and Rolls, 2004) by summing pairwise connectivity among 
multiple ROIs: subgenual ACC and nucleus accumbens ROIs were 
combined as the right (1) and left (2) posterior OFC evaluation node 
scores. Orbital gyrus and anterior gyrus rectus ROIs were combined as 
the (3) right and (4) left anterior OFC evaluation node scores. 

2.4. Statistical analysis 

2.4.1. Behavioral data analyses 
After undergoing regression diagnostics, differences on TASIT-EET 

and BFD scores across diagnostic groups were investigated via general 
linear modelling using the lm function in R 3.5.2, controlling for age, 
sex, and MMSE, with Dunnett-Hsu post-hoc testing. 

2.4.2. Mean network and node-pair-based connectivity analyses 
General linear modelling was performed to determine whether mean 

network connectivity in any of the four networks predicted TASIT-EET 
scores, controlling for age, sex, and MMSE. Primary analyses modeled 
the independent SAN and SN contributions and their interactions, fol
lowed by secondary analyses to error check significant models for con
founding effects of brain volume (see Toller et al., 2018 for detailed 
rationale and methods) and diagnostic group (see Rankin et al., 2009; 
Sollberger et al., 2009). Briefly, diagnostic group was parameterized and 

included in the model as a nuisance predictor to determine if main ef
fects were disproportionately influenced by a single diagnostic group. 
Specificity analyses were used to confirm that TASIT-EET was not pre
dicted by DMN or SMN connectivity and that BFD scores were predicted 
by DMN but not SAN, SN, or SMN connectivity. We then calculated each 
participant’s correlation coefficients between each of the following 
nodes: (1) right posterior OFC evaluation node, (2) left posterior OFC 
evaluation node, (3) right anterior OFC evaluation node, (4) left anterior 
OFC evaluation node, (5) right anterior temporal pole (RaTP), (6) left 
anterior temporal pole (LaTP), (7) right basolateral amygdala, and (8) 
left basolateral amygdala. FC was also examined among subsets of eight 
cortical and subcortical nodes found significant at the mean connectivity 
level, correcting for k = 28 comparisons using a Benjamini-Yekutieli 
threshold of p < 0.01273. The FC between these nodes were analyzed 
with separate regressions, each consisting of the covariates (age, sex, 
MMSE). 

3. Results 

3.1. Demographics and clinical characteristics 

AD and bvFTD patients were significantly younger than HCs, and AD 
patients had lower MMSE scores than most other patient groups 
(Table 1). CDR scores among patient groups ranged from 0.5 to 0.8, well 
within the very mild dementia range, thus statistical differences likely 
did not reflect meaningful clinical differences in severity among patient 
groups. No other group differences were found, but all subsequent 
regression analyses included age, sex, and MMSE as potentially con
founding covariates. Neuropsychological characterization of the patient 
sample on a multi-domain battery of cognitive tests can be found in 
Table 1. 

3.2. Behavioral results 

After controlling for age, sex and MMSE, patients with bvFTD 
(lsmean ± SE: 8.51 ± 0.41, p < 0.01) and svPPA (7.35 ± 0.44, p < 0.001) 
had significantly lower TASIT-EET scores than HCs (10.53 ± 0.38). AD 
(4.19 ± 0.75), bvFTD (5.38 ± 0.90) and PSP (5.80 ± 0.92) patients 

Fig. 1. shows the regions of interest used for the node pair connectivity analyses in the semantic appraisal network. Sagittal slices shown are in the right hemisphere. 
aTP = anterior temporal pole, blAMY = basolateral amygdala, OrG = orbital gyrus, aREC = anterior gyrus rectus, NAc = nucleus accumbens, sgACC = subgenual 
anterior cingulate cortex. Blue = aTP [±36, 22, − 34], red = blAMY [±20, − 6, − 18], green = OrG [±20, 59, − 15], cyan = aREC [±4, 58, − 20], violet = NAc [±10, 
11, − 9], yellow = sgACC [±4, 20, − 15]. Coordinates shown are the Montreal Neurological Institute (MNI) coordinates. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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scored significantly lower on the BFD than HCs (9.97 ± 0.85). Results in 
Table 1 show these and other neuropsychological test comparisons be
tween patients and controls, controlling for age and sex only because of 
the shared variance between MMSE and the cognitive tests. 

3.3. Neuroimaging results 

3.3.1. Mean network connectivity-based ICN analysis 
We found that in independent models, higher mean connectivity in 

the SAN (adjusted r = 0.54, p < 0.001) and in the SN (radj = 0.27, p <
0.05) predicted higher TASIT-EET scores. When mean SAN and SN 
connectivity were modelled together, mean connectivity in the SAN still 
independently predicted TASIT-EET scores controlling for SN (radj =

0.54, p < 0.01; Fig. 2), though the SN was no longer a predictor when 
modelled alongside the SAN, and the SN/SAN interaction was non- 
significant. This suggests that the initial independent model suggesting 
that SN was a significant predictor of TASIT-EET was likely due to 
confounding by the high intra-individual correlation of SAN and SN 
connectivity (r = 0.46, p < 0.001). Higher SAN connectivity still pre
dicted higher TASIT-EET scores after atrophy correction (radj = 0.53, p 
< 0.001) and error checking for confounding effects of diagnostic group 
membership (radj = 0.48, p < 0.05). 

Mean connectivity in neither of the two “control” networks, the DMN 
or the SMN, predicted TASIT-EET scores, supporting the specificity of 
the TASIT-EET/SAN relationship. The BFD (memory) score was pre
dicted by mean connectivity in the DMN (radj = 0.43, p < 0.05), but not 

by mean connectivity in the SAN, SN, or SMN (all p > 0.05), providing 
evidence that results were due to specific ICN-cognition relationships, 
rather than due to non-specific brain degeneration and resulting 
generalized cognitive deficits. 

3.3.2. Node-pair based ICN analysis 
Our node-pair based analysis revealed that significant predictors of 

TASIT-EET total score included FC between: (1) the RaTP and the right 
posterior OFC evaluation node (r = 0.19, p = 0.008), (2) the RaTP and 
the right anterior OFC evaluation node (r = 0.24, p = 0.001), and (3) the 
left basolateral amygdala and the left posterior OFC evaluation node (r 
= 0.19, p = 0.009). Connectivity between: (4) the RaTP and left poste
rior OFC evaluation node (r = 0.18, p = 0.016), and (5) the left baso
lateral amygdala and right posterior OFC evaluation node (r = 0.18, p =
0.014) showed a trend towards significance that did not survive 
correction for multiple comparisons (B-Y threshold < 0.01273; Fig. 3). 
All these relationships remained significant after atrophy correction, 
and (1) and (2) remained significant after error checking for regional 
atrophy and diagnostic confounding. 

4. Discussion 

The primary result from this study was the demonstration that mean 
functional connectivity in the SAN, i.e., the intrinsically connected 
network mediating semantic appraisal, was a significant predictor of 
how accurately patients could identify emotions shown in realistic 
videos. This association was driven primarily by functional connectivity 
between the RaTL and both anterior and posterior nodes of the OFC, 
which are associated with appraisal functions, as well as between the left 
basolateral amygdala and OFC. These results shed light on the impor
tance of the RaTL and its functional connectivity with the OFC in 
accessing the hedonic evaluations required for accurate emotion iden
tification, further supporting a hub-and-spoke model of socioemotional 
semantic processing for emotions (Binney and Ramsey, 2020; Lambon 
Ralph, 2014). 

While this study used an uncommon study design, correlating trait 
functional connectivity with task performance outside of the scanner, 
there are multiple lines of support for the premise that behavior can be 
predicted by individual differences in trait ICN connectivity. Studies in 
healthy neurotypical individuals and in patients with neuro
degeneration have shown that resting state connectivity predicts trait 
anxiety (Uddin, 2015), trait socioemotional sensitivity (Toller et al., 
2018), interpersonal warmth (Toller et al., 2019), and executive test 
performance (Seeley et al., 2012). To check the validity of our approach, 
we conducted proof-of-principle analyses with control tasks and control 
networks to confirm that the relationship between SAN and emotion 
naming is specific, rather than a reflection of generalized loss of brain 
function or cognitive deficits, an error-checking approach that has been 
modeled elsewhere (Toller et al., 2018). 

4.1. The semantic appraisal network and emotion reading 

We found that stronger mean intrinsic connectivity in the SAN was 
associated with better emotion identification, extending previous 
studies showing an association between temporal lobe regional con
nectivity and emotion reading (Ranasinghe et al., 2016a). The direct 
association in our data between emotion identification and the con
nectivity between the RaTL and the orbitofrontal cortex suggests that 
identifying an emotion taps into both the domain-general semantic and 
the evaluative processes mediated by these SAN regions. This reflects 
what might be predicted based on the nature of the emotion identifi
cation task used in this study. Specifically, to correctly label another’s 
emotional expression of (for example) ‘disgust’, one must retrieve 
multimodal semantic knowledge about disgust (facial expression, 
interoceptive experience, etc.), access a personalized hedonic evaluation 
of the stimulus (e.g., disgust is negatively valenced and evokes a sense of 

Fig. 2. displays the relationship between mean connectivity in the semantic 
appraisal network (SAN) and the TASIT-EET in the full sample of healthy older 
controls and patients with neurodegenerative diseases (n = 185), after adjust
ing for age, sex, MMSE, and mean salience network connectivity. Mean SAN 
connectivity significantly predicted TASIT-EET score after adjusting for age, 
sex, MMSE, and after including the salience network in the model (r = 0.54, p 
< 0.01). Higher mean SAN connectivity was associated with higher TASIT-EET 
score. Mean connectivity values were calculated as each participant’s mean 
beta value across all voxels within their given ICN map, masked at the ICN as 
defined in an independent sample of healthy older participants (see methods). 
HC = healthy control, AD = Alzheimer’s disease, bvFTD = behavioral variant 
frontotemporal dementia, nfvPPA = nonfluent variant primary progressive 
aphasia, PSP = progressive supranuclear palsy, svPPA = semantic variant pri
mary progressive aphasia, TASIT-EET = The Emotional Evaluation Task of the 
Awareness of Social Interference Test. 
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aversion), and then compare these semantic-hedonic representations 
against the stimulus to more precisely determine if the emotion is 
disgust or another emotion (e.g. ‘sadness’). 

These functional connections between the right-sided aTL semantic 
processing hub and orbitofrontal evaluation regions have previously 
been identified as important for facilitating the emotion identification 
process (Olson et al., 2013). The RaTL mediates learned conceptual 
knowledge about social behavior, while the OFC evaluation regions 
provide hedonic appraisal of the stimuli. These two regions, along with 
the amygdala, are bidirectionally anatomically connected via the unci
nate fasciculus white matter tract (Ghashghaei and Barbas, 2002). The 
predominantly right-sided nature our results is consistent with evidence 
from a recent meta-analysis of functional neuroimaging studies, which 
argued that representation of semantics is supported by bilateral yet 
graded connectivity of the aTL, whereby the RaTL receives more sensory 
input relevant to emotional experience than the left (Rice et al., 2015) 
and thus may be comparatively more active in processing emotional 
semantics. 

The anterior (rostral) and posterior (caudal) regions of the medial 
OFC, while both generally associated with evaluation, are known to 
have distinct functions and connectivity patterns (Kringelbach and 
Rolls, 2004). The posterior OFC (including the ventral striatum) is 
involved in reward anticipation, specifically related to its function in 
mapping discrepancy between predicted and actual reward values 
(O’Doherty et al., 2004). The nucleus accumbens encodes reward 
anticipation (Diekhof et al., 2012) and aids in resolving ambiguity 
around reward expectancy (Báez-Mendoza and Schultz, 2013). While 
this posterior OFC represents the reward value of primary reinforcers 
such as taste and visceral emotions (e.g. pain), in contrast more abstract 
or complex reinforcers such as monetary gain or loss are represented in 
the anterior OFC regions (Kringelbach and Rolls, 2004). There is evi
dence that the rostromedial PFC mediates reward consumption by 
reflecting changes in reward value based on complex cues such as 
emotion and identity (Goodkind et al., 2012). 

We found that connectivity between the RaTL and both anterior and 
posterior OFC evaluation regions were separately able to predict accu
racy of emotion labeling. Based on the known structural connections in 
these regions (Papinutto et al., 2016) and interpreting the FC patterns 
seen in this study (Fig. 3), one hypothesis about the flow of information 
during emotion reading emerges. Potentially, the RaTL combines sen
sory information about an emotional stimulus into a semantic repre
sentation (e.g., “Emotion X”), then the posterior OFC evaluation region 
assesses the reward and punishment valence of Emotion X (“aversive”), 

and resolves any remaining ambiguity about the semantic identity of the 
stimulus based on that viscerally experienced valence (“this is disgust, 
not amusement”). Once the semantic nature of the stimulus is thus 
clarified, the RaTL may then relay the resulting more clearly identified 
semantic representation to the anterior OFC region, where more con
textually nuanced and abstract hedonic evaluations of the emotion and 
potentially its consequences may occur. Our data show that reduced 
intrinsic connectivity between the RaTL and either OFC node reduces 
the accuracy of emotion reading, thus a breakdown at any stage of this 
hypothetical processing sequence may have behavioral consequences. 

4.2. Role of the amygdala connections to the SAN in emotion reading 

The basolateral amygdala has been widely associated with percep
tion of emotion (Bickart et al., 2014); however, its role appears to be 
more specifically to alert the individual to salient stimuli, including 
those of emotional importance, such as potential social reward or pun
ishment (Rademacher et al., 2010). In our study, greater connectivity 
between the left basolateral amygdala and the left posterior OFC eval
uation regions predicted more accurate emotion identification. Consis
tent with our finding, altered connectivity between the basolateral 
amygdala and subgenual ACC has previously been related to inefficient 
appraisal and regulation of emotions in depressed children (Murphy 
et al., 2016). Mechanistically, when the basolateral amygdala alerts an 
individual to a stimulus, it evokes the nucleus accumbens to encode the 
reward value of that stimulus (Ambroggi et al., 2009). Enhanced firing 
of nucleus accumbens neurons in turn promotes reward-seeking 
behavior. The activation of this alerting-appraisal circuit may be rele
vant to emotion reading in settings where another’s emotional expres
sion has the potential to convey social reward or punishment and thus 
requires enhanced attention for accurate decoding. 

We did not find that connectivity between the basolateral amygdala 
and the aTL predicted accuracy of emotion labeling, despite the fact that 
these regions are linked structurally (Bickart et al., 2014). This may 
indicate that the alerting function of the BA and the semantic function of 
the RaTL do not require tight coordination for accurate emotion naming. 
This result could also be specific to the emotion labeling task used in our 
study, because it was comparatively easy and did not require rapid or 
subtle emotional cue detection. It is possible that a more nuanced task 
with shorter temporal presentation would require tighter RaTL- 
basolateral amygdala connectivity to achieve accurate emotion reading. 

Fig. 3. shows the functional connectivity between 
nodes of the semantic appraisal network (SAN). 
Several regression models were conducted to investi
gate the functional connectivity between node-pairs 
of the SAN, after controlling for age, sex, and 
MMSE. A Benjamini-Yekutieli correction for k = 28 
multiple comparisons was applied to the primary 
analysis, yielding a corrected significance threshold of 
p < 0.01273. We found that the functional connec
tivity between (1) the RaTP and the right posterior 
OFC evaluation node, (2) the RaTP and the right 
anterior OFC evaluation node, and (3) the left baso
lateral amygdala and the left posterior OFC evaluation 
node predicted TASIT-EET total score. All of these 
relationships remained significant after atrophy 
correction, and (1) and (2) remained significant in a 
rigorous error check for diagnostic confounding. OrG 
= orbital gyrus, aREC = anterior gyrus rectus, sgACC 
= subgenual anterior cingulate cortex, NAc = nucleus 
accumbens, aTP = anterior temporal pole, blAMY =
basolateral amygdala, R = Right, L = Left.   
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4.3. The salience network: Attention to but not evaluation of emotion 

While many studies of patients with socio-emotional deficits impli
cate the SN (e.g., bvFTD (Seeley et al., 2007a), autism (Green et al., 
2016)), we found that SAN connectivity independently predicted 
emotion identification while SN connectivity did not. The SN is funda
mental in salience-driven attention, thus is likely important for tonic 
social alertness, and connectivity in this network directly predicts in
dividual variation in socioemotional sensitivity (Toller et al., 2018). 
While general social attentiveness may improve the likelihood of 
emotion detection and accurate emotion reading during real-life social 
interactions, in our study it was not observed to exert a strong inde
pendent influence on performance of a lab-based emotion identification 
task, even in patients with below-normal mean SN connectivity. This 
may have been because the focused nature of the test limited and 
directed patients’ attention adequately enough that they could then 
perform downstream emotion processing. Our evidence instead high
lighted the important role of the SAN in emotion identification once 
attention is secured, i.e. accessing social semantic and visceral hedonic 
information to accurately characterize the emotion after it has been 
noticed. Future testing with more realistically fast or subtle emotional 
stimuli might reveal a more important role of SN connectivity, or 
perhaps a meaningful interaction between SN and SAN network con
nectivity, in support of emotion labeling accuracy in real-life settings. 

4.4. Clinical relevance for patients with neurodegeneration 

Our finding that weaker connectivity in the SAN predicts less accu
rate emotion identification reveals an important mechanism for the 
emotion naming deficits seen in many patients. Patients with conditions 
leading to tonic disruption in the SAN may have trouble retrieving and 
evaluating emotional concepts, which may lead to loss of precision 
distinguishing among similar emotions when interpreting real-life 
emotional displays. Our study and others have found that some pa
tients have difficulty reading emotions even at the very early stages of 
neurodegeneration (Nelis et al., 2011). While we found wide perfor
mance variability across individual patients, the average patient with 
either bvFTD or svPPA syndrome scored significantly worse than con
trols on the fairly simple multimodal emotion identification task in our 
study. However, our data further clarify that these deficits likely result 
from reduction of functional connectivity between the RaTL and other 
nodes of the SAN, and particularly a disconnection between the RaTL 
and orbitofrontal regions responsible for making evaluations. Though 
bvFTD patients are often presumed to have predominantly SN 
dysfunction, many also present with concurrent and even focal SAN 
involvement (Ranasinghe et al., 2016b) and bvFTD patients with volu
metric changes to the SAN are more likely than other bvFTD patients to 
show emotion naming deficits (Ranasinghe et al., 2016a). Structural 
damage in regions associated with the SAN is the predominant charac
teristic of svPPA syndrome (Seeley et al., 2009), and though a majority 
of early svPPA patients have left greater than right hemisphere damage, 
they all develop right temporal involvement as the disease progresses 
(Seeley et al., 2005). Our data suggest that as svPPA patients lose 
intrinsic connectivity between the RaTL and OFC, this brain change is 
likely to be revealed in increasing clinical deficits in emotion discrimi
nation (Hutchings et al., 2017). 

5. Limitations and conclusions 

Because our primary goal of was to demonstrate the relationship 
between ICN connectivity and emotion reading accuracy, this study was 
designed to maximize patient heterogeneity to discover this linear brain- 
behavior relationship, and thus does not focus on or clarify the cognitive 
or neural characteristics of any single patient group. This limits our 
ability to extrapolate to clinical applications, or to characterize 
syndrome-specific relationships between SAN function and emotion 

reading. Thus, a number of outstanding questions remain for future 
studies, including an examination of how emotion reading relates 
mechanistically to other cognitive functioning in the various neurode
generative syndromes. Performance on lab-based emotion reading tests 
may be mediated in part by various non-emotional cognitive factors 
such as attention and memory (Miller et al., 2012), as well as non- 
emotional semantics (Bertoux et al., 2020). Thus, our cognitively 
impaired patients with neurodegeneration may have made errors in part 
due to non-social cognitive deficits. We included only patients who were 
very early in their disease course, at either a pre-dementia or very mild 
dementia stage, excluded cases where a trained clinician determined 
that the patient did not fully understand or attend to the test, and co
varied MMSE score in our analyses as a proxy of overall cognition, steps 
which likely mitigated the impact of non-social cognitive deficits on our 
results. If emotion-reading performance was indeed significantly influ
enced by non-social cognitive deficits in our sample, it would have 
added more “noise” to weaken, rather than artificially enhance, our 
main brain-behavior finding in the SAN, thus the fact that our result was 
significant suggests a fairly robust signal. Additionally, studies are 
needed to comprehensively characterize the other cognitive contribu
tions of the SAN, and to understand how these relate to emotion reading 
deficits. In particular, it will be valuable to identify more precisely the 
natural history of SAN dysfunction in these syndromes, determining how 
early in the disease course patients develop alterations in connectivity, 
and clarifying the relationship between these ICN changes and socio
emotional symptoms, including emotion reading deficits. Future studies 
should expand on investigation into svPPA patients in particular, as the 
SAN is selectively vulnerable early in that subgroup; enrolling geneti
cally at-risk family members at the pre-symptomatic or very early 
symptomatic stage and following them longitudinally would address 
many of these outstanding questions. Finally, while we did not find a 
statistically significant interaction between SAN and SN connectivity to 
predict emotion identification, it showed a suggestive trend, indicating 
the interaction between the two networks may be meaningfully related 
to emotion reading in a larger sample. Further characterization of the 
interplay between SN and SAN in socioemotional functioning is needed. 

These secondary considerations did not, however, weaken the main 
finding that individual differences in the degree of intrinsic network 
connectivity in a brain network responsible for semantics and individ
ualized hedonic evaluation can predict accuracy of emotion identifica
tion. We found a wide degree of individual variability in FC in all four 
ICNs both within and between diagnostic groups, even in controls, 
suggesting ICN variability is not simply a result of a specific disease 
process. Our study suggests that older adults who begin to develop new- 
onset difficulties with identifying others’ emotions may be losing 
intrinsic functional connectivity in the SAN, and that in some cases this 
may be an early symptom of neurodegeneration. Emotion reading tests 
such as the TASIT-EET should regularly be included in clinical neuro
psychological testing batteries designed to identify individuals at risk for 
neurodegenerative disease. 
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