
Enhanced positive emotional reactivity in frontotemporal 
dementia reflects left-lateralized atrophy in the temporal and 
frontal lobes

Suzanne M. Shdo1,2, Ashlin R. K. Roy1, Samir Datta1, Isabel J. Sible1, Sladjana Lukic1, 
David C. Perry1, Katherine P. Rankin1, Joel H. Kramer1, Howard J. Rosen1, Bruce L. 
Miller1,3, William W. Seeley1, Sarah R. Holley3,4, Maria Luisa Gorno-Tempini1,3, Virginia E. 
Sturm1,3,*

1Memory and Aging Center, Department of Neurology, University of California, San Francisco

2University of California, Berkeley, Department of Psychology

3Department of Psychiatry, University of California, San Francisco

4San Francisco State University, Department of Psychology

Abstract

In frontotemporal dementia (FTD), left-lateralized atrophy patterns have been associated with 

elevations in certain positive emotions. Here, we investigated whether positive emotional reactivity 

is enhanced in semantic variant primary progressive aphasia (svPPA), an FTD syndrome that 

targets the left anterior temporal lobe. Sixty-one participants (16 people with svPPA, 24 people 

with behavioral variant FTD, and 21 healthy controls) viewed six 90-second trials that were 

comprised of a series of photographs; each trial was designed to elicit a specific positive emotion, 

negative emotion, or no emotion. Participants rated their positive emotional experience after 

each trial, and their smiling behavior was coded with the Facial Action Coding System. Results 

indicated that positive emotional experience and smiling were elevated in svPPA in response to 

numerous affective and non-affective stimuli. Voxel-based morphometry analyses revealed that 

greater positive emotional experience and greater smiling in the patients were both associated 

with smaller gray matter volume in the left superior temporal gyrus (pFWE<.05), among other 

left-lateralized frontotemporal regions. Whereas enhanced positive emotional experience related 

to atrophy in middle superior temporal gyrus and structures that promote cognitive control and 

emotion regulation, heightened smiling related to atrophy in posterior superior temporal gyrus and 

structures that support motor control. Our results suggest positive emotional reactivity is elevated 

in svPPA and offer new evidence that atrophy of left-lateralized emotion-relevant systems relates 

to enhanced positive emotions in FTD.
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1. Introduction

Positive emotions play a central role in human relationships. Amusement, nurturant love, 

compassion, and awe, among others, make up a family of positive emotions that helps us to 

forge, solidify, and maintain lasting social bonds (Cavanaugh et al., 2015; Fredrickson, 1998, 

2013; Shiota et al., 2011). Although positive emotions often foster kindness, generosity, 

and trust, they can be problematic when they are context-incongruent, too elevated, or 

too sustained (Gilbert et al., 2013; Gruber, 2011; Gruber & Purcell, 2015). Dysregulated 

positive emotions are a core feature of some clinical disorders including bipolar disorder, 

for example, which is characterized by mania—intermittent periods of heightened positive 

emotional experience or mixed feelings of euphoria and irritability. During manic episodes, 

individuals with bipolar disorder may exhibit increased risk-taking, flight of ideas, and 

overfamiliarity, approach-related behaviors that can lead to deleterious outcomes (Gilbert 

et al., 2013; Hechtman et al., 2013). Thus, while phasic bursts of positive emotions may 

confer interpersonal advantages, dysregulated positive emotions may interfere with social 

functioning.

Frontotemporal dementia (FTD) is a neurodegenerative disorder that also affects positive 

emotions. In FTD, there is progressive deterioration of the frontal and anterior temporal 

lobes, and, prior to diagnosis, many individuals are diagnosed with psychiatric illnesses, 

such as bipolar disorder, because of overlapping clinical features including elevated mood 

(Mendez et al., 2006; Woolley et al., 2011). Behavioral variant FTD (bvFTD) is a clinical 

subtype of FTD characterized by apathy (Snowden et al., 2001), disinhibition, and decreased 

empathy (Rankin et al., 2006), among other symptoms (Rascovsky et al., 2011). Bilateral 

or right-lateralized atrophy is thought to characterize most cases of bvFTD (Seeley et al., 

2008), which typically targets the ventral anterior insula as well as the anterior cingulate 

cortex, amygdala, hypothalamus, and brainstem (Brown et al., 2019; Seeley et al., 2009). 

Many people with bvFTD exhibit diminished emotional reactivity in response to negative 

affective stimuli such as those that elicit embarrassment (Sturm et al., 2008), disgust (Eckart 

et al., 2012; Muhtadie et al., 2019), and sadness (Hua et al., 2020). While some individuals 

with bvFTD exhibit lower positive emotions and social connectedness (Pressman et al., 

2017; Takeda et al., 2019), others become more sensitive to stimuli that are rewarding 

or amusing (Clark et al., 2015; Perry et al., 2014; Sturm et al., 2015). In some cases, 

people with bvFTD may even exhibit heightened positive emotional reactions to stimuli 

that typically elicit a negative response (e.g., photographs of negative and neutral faces), 

suggesting impaired downregulation of positive emotions in various contexts (Hua et al., 

2018).

Semantic variant primary progressive aphasia (svPPA) is a clinical subtype of FTD 

characterized by loss of semantic knowledge (Gorno-Tempini et al., 2011; Lambon Ralph et 

al., 2010). Although svPPA often begins with focal anterior temporal lobe dysfunction in the 
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left hemisphere, atrophy soon spreads from the left to the right anterior temporal lobe and on 

to the ventral anterior insula and orbitofrontal cortex (Collins et al., 2017; Guo et al., 2013; 

Landin-Romero et al., 2016; O’Connor et al., 2016; Seeley et al., 2005). Changes in social 

cognition, empathy, and emotions also occur in svPPA (Binney et al., 2016; Borghesani et 

al., 2019; Kamath et al., 2018; Thompson et al., 2003) but have received relatively less 

attention to date (Kumfor & Piguet, 2012). Prior studies have found that people with svPPA 

have impaired emotion recognition (Fittipaldi et al., 2019; Irish et al., 2013; Lindquist et 

al., 2014; Macoir et al., 2019; Rosen et al., 2002) and perspective-taking (Irish et al., 2014; 

Shdo et al., 2016). Despite these deficits, patients may exhibit elevated mood (Shimizu et 

al., 2011), enhanced social interest (Mendez et al., 2006; Snowden et al., 2001; Sturm et 

al., 2011), and heightened positive emotional facial expressions (Kumfor et al., 2019), which 

suggests certain positive emotions may be elevated in svPPA.

Our previous work has suggested that elevated positive emotional reactivity in FTD 

is associated with left-lateralized frontotemporal atrophy patterns (Sturm et al., 2015). 

Across FTD syndromes, smaller gray matter volume in left dorsal anterior insula and 

left ventrolateral prefrontal cortex, regions that support emotion regulation and behavioral 

inhibition (Aron et al., 2004; Ochsner et al., 2009b), was associated with higher levels 

of positive emotional reactivity (i.e., smiling and laughing behavior as well as autonomic 

nervous system reactivity). These results suggested that atrophy in emotion regulation 

systems centered in the left hemisphere may “release” emotion generators (Saper, 2002) 

and thereby accentuate positive emotional reactivity. The goal of the present study was to 

build on this work by measuring positive emotional reactivity in svPPA, a disorder that 

predominantly targets the left anterior temporal lobe and adjacent frontotemporal regions, 

and to compare this group to healthy controls and to patients with bvFTD. We expected 

that atrophy in left-lateralized emotion regulation systems (e.g., dorsal anterior insula and 

ventrolateral prefrontal cortex, in particular) would relate to heightened positive emotional 

reactivity in svPPA across contexts—not only in response to positive stimuli but also in 

response to neutral and negative stimuli—and that people with svPPA would show greater 

positive emotional reactivity than healthy controls and those with bvFTD.

2. Material and Methods

2.1. Participants

Sixty-one participants were included in the present study: 16 people with svPPA (Gorno-

Tempini et al., 2011), 24 people with bvFTD (Rascovsky et al., 2011), and 21 healthy 

older control participants. No individuals with bvFTD had comorbid motor neuron disease. 

Two individuals with bvFTD were initially included in a larger sample but were excluded 

from all analyses due to a lack of attention during the task. Diagnoses were made by a 

multidisciplinary team and based on thorough neurological, behavioral, neuropsychological, 

and neuroimaging evaluations. Patients were recruited to the study through referrals from the 

University of California, San Francisco (UCSF) Memory and Aging Center or from external 

clinics. Healthy older control participants were recruited from the community through local 

advertisements. The healthy controls underwent an identical diagnostic evaluation as the 

patients and were included if they had an unremarkable neurological exam, a normal 
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magnetic resonance imaging (MRI) scan, and no functional or cognitive deficits. The 

Clinical Dementia Rating scale (CDR), a measure of functional impairment, was completed 

with informants (Morris, 1993, 1997), and we used the CDR Total and CDR – Sum of Boxes 

(CDR-SOB) scores to quantify disease severity. Information about participants’ psychiatric 

medication use (i.e., medications prescribed for depression, anxiety, and psychosis) was 

collected at the time of testing. Demographic, cognitive, and functional characteristics of 

all participants are presented in Table 1. The study procedures were approved by the UCSF 

Committee on Human Research. All participants, or their surrogates, provided informed 

consent. No part of the study procedures was pre-registered prior to the research being 

conducted. Inclusion and exclusion criteria were established prior to data analysis. The 

sample size was informed by previous research of this type in these clinical syndromes 

(Kumfor et al., 2019).

2.2. Neuropsychological Assessment

All participants completed an extensive neuropsychological battery, as described previously 

(Kramer et al., 2003). Global cognitive functioning was assessed with the Mini-Mental 

State Examination (MMSE) (Folstein et al., 1975). Given the predominance of language 

symptoms in svPPA, we quantified semantic knowledge using the Peabody Picture 

Vocabulary Task (PPVT) and confrontation naming using the 15-item Boston Naming Test 

(BNT), tests that are often impaired in svPPA (Mesulam et al., 2009). We have reported all 

clinical data that were analyzed as a part of the present study.

2.3. Laboratory Assessment of Emotion

2.3.1. Procedure—Participants’ emotional functioning was assessed at the UCSF Center 

for Psychophysiology and Behavior. Participants were seated in a comfortable chair in 

a well-lit experiment room. All stimuli were presented on a 21.5-inch computer monitor 

placed 4.25 feet from the participant. Participants were videotaped with a semi-obscured, 

remotely controlled video camera throughout the testing session. Participants were notified 

they would be recorded before the testing session began.

2.3.2. Emotional Reactivity Task—Participants completed a laboratory-based task of 

emotional reactivity. Before each trial, participants sat quietly during a 90-second resting 

baseline period during which an “X” was presented on a computer monitor. After each 

baseline period, they viewed a 90-second block of photographs (each photograph was shown 

for 15 seconds) that were designed to elicit a specific positive emotion (i.e., awe, nurturant 

love, or amusement), negative emotion (i.e., fear, sadness, or disgust), or no emotion (i.e., 

a neutral trial). All participants completed the seven trials in the same order. Images were 

obtained from the International Affective Picture System (Lang, 1997), previous studies 

(Shiota et al., 2011), and internet searches. Pilot testing in an independent sample of healthy 

adults indicated that these photographs elicited the target emotions.

After each trial, participants responded to a series of questions. First, they answered a 

multiple-choice question about the content of the images to ensure they had attended 

to and understood the stimuli. Next, participants rated their subjective experience of 

various positive emotions (amusement, awe, compassion, and love/tenderness) and negative 
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emotions (fear, disgust, sadness, and surprise) during the trial on a Likert-type scale 

ranging from 0 (not at all) to 4 (extremely). To minimize working memory burden, 

the six photographs from the trial were presented again with the subjective experience 

questions. All questions were presented orally (through audio recordings) and visually (on 

the computer monitor). If a participant asked for clarification about the meaning of any 

words used in the testing session, the experimenter offered a brief, scripted definition as 

often as needed. Participants responded verbally to each question, and their answers were 

recorded by the experimenter.

Given that individuals with svPPA have semantic deficits and typically lose knowledge 

of less common words before they lose knowledge of more common words (Ogar et al., 

2011), we used the English Lexicon Project Database (Balota et al., 2007) to ensure that the 

emotion words we used in the study were common in the English language (the emotion 

words ranged in frequency from log 7.5 – 12.5) and that the mean frequencies of the positive 

emotion (M=8.4, SD=1.5) and negative emotion (M=9.3, SD=2.15) words were similar. This 

step helped to ensure that, if people with svPPA exhibited atypical patterns in their verbally 

reported emotional experience, it would be unlikely that these results could be attributed to 

loss of semantic knowledge for less common emotion words.

2.4. Measures

2.4.1. Positive Emotional Experience—For each trial, we computed a positive 

emotional experience score by summing each participant’s subjective experience of the 

different positive emotions (i.e., amusement, awe, compassion, and tenderness/love). A total 

positive emotional experience score was then calculated for each participant by summing the 

positive emotional experience scores across all trials.

2.4.2. Smiling Behavior—We used the Facial Action Coding System (FACS), an 

objective approach to coding facial muscle movements (Ekman, 1997), to code so-called 

“Duchenne smiles” (i.e., smiles with cheeks raised and eyes engaged). A team of four 

certified FACS coders who were blind to the study hypotheses, diagnoses, and trial content 

rated the intensity of participants’ smiles on a second-by-second basis using a scale ranging 

from 1 (trace) to 5 (maximum). A code of 0 was given to seconds in which no smile was 

present. Twenty percent of the videos were coded by multiple coders to compute inter-rater 

consistency, and the coding system was found to be reliable (Krippendorf’s alpha=.81). We 

computed a smiling score for each trial by summing each participant’s second-by-second 

smiling intensity codes. A total smiling score was then calculated for each participant by 

summing the smiling scores across all of the trials. Two participants with bvFTD were not 

coded due to video recording issues and, thus, were not included in the smiling analyses. As 

the total smiling scores showed a strong positive skew, they were log transformed to improve 

approximation to the normal distribution.

2.5. Neuroimaging Acquisition and Preprocessing

2.5.1. Image Acquisition—Each participant underwent a 3T research quality structural 

MRI within 120 days of completing the emotional reactivity task. All MRIs were conducted 

at the UCSF Memory and Aging Center, using a 3T Magnetom VISION system (Siemens 
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Inc., Iselin, N.J.) equipped with a standard quadrature head coil. A volumetric magnetization 

prepared rapid gradient echo MRI (MPRAGE) sequence (repetition time [TR]=10 

milliseconds, echo-time [TE]=4 milliseconds, inversion time [TI]=300 milliseconds) was 

used to obtain T1-weighted images of the entire brain with a 15-degree flip angle, coronal 

orientation perpendicular to the double spin echo sequence, and 1.0 × 1.0 mm2 in-plane 

resolution and 1.5 mm slab thickness.

2.5.2. Image Preprocessing—The statistical parametric mapping (SPM12) software 

package running on MATLAB was used in the preprocessing steps for all images (https://

www.fil.ion.ucl.ac.uk/spm/). SPM12 default parameters were utilized throughout with the 

exception of a light clean-up procedure, which was used in the morphological filtering 

step. Preprocessing involved segmenting the T1-structural images into gray matter, white 

matter, and cerebrospinal fluid and spatially normalizing them into MNI space. To optimize 

intersubject registration, each participant’s image was warped to a template created from 

150 healthy older control participants. Spatially normalized, segmented, and modulated gray 

matter images were smoothed using an 8-mm FWHM isotropic Gaussian kernel. Each scan 

was visually examined for motion artifacts, and participants with motion were excluded 

from the analysis. Ten participants (seven patients with bvFTD and three patients with 

svPPA) were excluded due to motion artifacts. Thus, the neuroimaging analyses included a 

total of 30 patients (17 with bvFTD and 13 with svPPA).

2.5.3. Mask Preparation—To offset the loss of power that results from multiple 

comparison corrections, we masked our correlational neuroimaging analyses to the frontal 

and temporal lobes as well as subcortical and brainstem structures, regions that are 

vulnerable in FTD. The mask was created in SPM12 using the Wake Forest University 

PickAtlas toolbox with brain regions defined by the Automated Anatomical Labeling atlas.

2.6. Statistical Analyses

Statistical analyses were performed using R Studio (version 3.4.0). A Chi-square test of 

independence was used to examine whether there were group differences in the proportions 

of men and women. General linear models were used to compare age, education, disease 

severity (i.e., CDR total and CDR-SOB), general cognitive functioning (i.e., MMSE), 

semantic knowledge (e.g., PPVT), and confrontation naming (e.g., BNT) among the groups. 

Tukey-adjusted post hoc pairwise tests were used to follow up on significant results while 

correcting for multiple comparisons.

2.6.1. Validity Checks—For each trial, each participant’s response to the multiple-

choice question regarding the content of the photographs was coded as correct or incorrect 

(if a participant did not provide a response, this was also coded as incorrect). Because many 

of the patients had language comprehension difficulties that could interfere with their ability 

to answer the content questions correctly, a laboratory staff member later reviewed the 

videos of the incorrect trials to ensure that errors on those trials were not due to participants 

paying inadequate attention to the stimuli.
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2.6.2. Positive Emotional Experience and Smiling Behavior—We used linear 

mixed effects models to determine if there was a main effect of diagnosis or a diagnosis by 

trial interaction on total positive emotional experience or total smiling behavior (controlling 

for age and sex). A random intercept was specified for each participant. We planned to 

decompose any significant diagnosis by trial interactions with separate follow-up analyses of 

covariance (ANCOVAs) for each trial (same covariates). Tukey-adjusted post hoc tests were 

then used to identify significant pairwise differences between the groups. For trials in which 

total positive emotional experience differed among the groups, we also conducted follow-

up ANCOVAS (controlling for age and sex) on the specific types of positive emotional 

experience (i.e., amusement, awe, love, and compassion) instead of the total score.

To confirm that any group differences in total positive emotional experience were not solely 

accounted for by verbal semantic deficits, we conducted a follow-up linear mixed effects 

model analysis in which we included PPVT as a covariate (in addition to age and sex). 

Given that psychiatric medications may impact emotional reactivity, we also conducted a 

follow-up analysis to ensure that psychiatric medication use did not influence our findings. 

We reviewed the participants’ medication records and coded (yes/no) whether they were 

taking a psychiatric medication for anxiety, depression, or psychosis. We then reran the 

mixed model analyses for total positive emotional experience and total smiling behavior but 

here included psychiatric medication use as an additional covariate (in addition to age and 

sex).

2.6.3. Neuroimaging Analyses—We conducted voxel-based morphometry (VBM) 

analyses using the voxel-based lesion-symptom mapping toolbox for MATLAB (Bates et 

al., 2003). To characterize the atrophy patterns of the clinical syndromes, we first compared 

the whole-brain gray matter maps of the svPPA and bvFTD groups to those of the healthy 

controls while controlling for age, sex, and total intracranial volume (TIV), to account for 

individual differences in head size.

We next ran general linear models in VBM to identify voxels in which smaller gray matter 

volume was associated with greater total positive emotional experience and greater total 

smiling behavior, masked to the regions described above (see 2.5.3. Mask Preparation). 

We conducted the correlational VBM analyses on the gray matter maps in the patients 

only because they had significant atrophy, and, thus, may have a disproportionate effect on 

the imaging results if analyzed with the healthy controls. We included age, sex, diagnosis 

(dummy coded 0 for svPPA and 1 for bvFTD), MMSE (to account for disease severity), 

and TIV as covariates in these analyses. We next ran additional VBM analyses in which 

we included PPVT or CDR-SOB scores as covariates (rather than MMSE) to examine 

whether any potential results held when we accounted for semantic deficits or behavioral 

symptoms, specifically. Finally, we investigated whether smaller gray matter volume was 

associated with lower total positive emotional experience or lower total smiling behavior in 

any regions.

Neuroimaging results are reported at p<.001, uncorrected, and at pFWE<.05. Corrections 

for multiple comparisons were addressed using permutation analyses. Statistical maps were 

calculated for 1000 random assignments of total positive emotional experience and total 
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smiling behavior, and the fifth percentile of the maximum cluster size was applied as a 

threshold to the raw p<.001 map. We have used this combined peak and extent threshold 

permutation-based method in our prior imaging studies using similar methods in these 

clinical groups (Sturm et al., 2013; Wilson et al., 2010).

2.7. Data Availability

Data generated by the UCSF Memory and Aging Center are available upon request. All data 

requests can be submitted through the UCSF Memory and Aging Center Resource Request 

Form (http://memory.ucsf.edu/resources/data). Academic, not-for-profit investigators with 

Institutional Review Board approval from the UCSF Human Research Protection Program 

can request data for research studies. The UCSF Human Research Protection Program will 

not review the application until the UCSF Memory and Aging Center Executive Committee 

has signed off on the proposal and consent form. Data are not publicly available because 

they contain information that could compromise the privacy of the participants.

3. RESULTS

3.1. Demographics and Clinical Functioning

There were no differences among the groups in their education, F(2,56)=2.18, p=.12, or 

their proportions of men and women, χ2=(2, N=61)=2.91, p=.23. There was a main effect 

of group on age, F(2,58)=3.57, p=.03, however. Although follow-up Tukey tests indicated 

no pairwise differences, some comparisons (healthy controls vs. svPPA [p=.06] and healthy 

controls vs. bvFTD [p=.06]) approached significance. Although the bvFTD and svPPA 

groups were similarly impaired on the MMSE compared to the healthy controls, individuals 

with bvFTD were more impaired on the CDR Total and CDR-SOB than those with 

svPPA. As expected, individuals with svPPA had lower scores on semantic knowledge (i.e., 

PPVT) and confrontation naming (i.e., BNT) than those with bvFTD. There were similar 

proportions of patients in the bvFTD and svPPA groups taking psychiatric medications 

(Table 1).

3.2. Validity Checks

Across the entire sample, 90% of participants (76.2% of the svPPA group, 93.8% of bvFTD 

group, and 100% of the healthy controls) answered seven or more of the nine content 

questions correctly. There was no difference among the groups in the percentage of content 

questions they answered correctly, χ2(1, N=37)=2.01, p=.16.

3.3. Positive Emotional Experience and Smiling Behavior

There was a significant diagnosis by trial interaction on total positive emotional experience, 

F(12,56)=3.20, p<.001. Follow-up ANCOVAs indicated that individuals with svPPA 

reported significantly higher positive emotional experience than the healthy controls and 

people with bvFTD during the awe trial (svPPA>healthy controls: t(56)=4.22, p<.001; 

svPPA>bvFTD: t(56)=3.89, p<.001) and nurturant love trial (svPPA>healthy controls: t(56) 

=3.17, p=.01; svPPA>bvFTD: t(56)=3.25, p=.01), trials that typically elicit positive emotions 

(Figure 1). Individuals with svPPA also reported greater positive emotional experience 

during the neutral trial (svPPA>healthy controls: t(56)=3.28, p=.01; svPPA>bvFTD: 
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t(56)=2.48, p=.04) and fear trial (svPPA>healthy controls, t(56)=2.61, p=.03) than the 

healthy controls and people with bvFTD, trials in which positive emotional experience 

is typically less often endorsed. There were no differences among the groups in positive 

emotional experience during the amusement, sadness, or disgust trials (Figure 1).

To determine whether people with svPPA reported higher levels of certain positive emotions 

more than others, we conducted additional ANCOVAs for those trials in which positive 

emotional experience was significantly elevated in svPPA. Compared to the healthy controls, 

individuals with svPPA reported greater amusement (p<.001), love/tenderness (p=.02), and 

compassion (p=.01) during the awe trial; greater awe (p=.01) during the love trial; greater 

awe (p=.02) and love (p<.01) during the neutral trial; and greater amusement (p=.02) and 

compassion (p=.01) during the fear trial (Table 2). Compared to individuals with bvFTD, 

those with svPPA reported greater amusement (p=.01) during the awe trial; greater awe 

(p=.01) and amusement (p=.01) during the love trial; greater awe (p=.01) and love (p=.01) 

during the neutral trial; and greater amusement (p=.02) during the fear trial (Table 2).

There was also a significant diagnosis by trial interaction on smiling behavior, 

F(12,54)=2.06, p=.02. Follow-up ANCOVAs revealed that individuals with svPPA exhibited 

greater smiling behavior than those with bvFTD during the fear, t(54)=2.86, p=.02, and 

sadness, t(54)=2.52, p=.04, trials. Individuals with bvFTD, in contrast, displayed lower 

smiling behavior than the healthy controls during the amusement trial, t(54)=−2.42, p<.05; 

Figure 2).

3.4. Follow-Up Analyses

We conducted follow-up analyses to ensure that the enhanced positive emotional experience 

that we detected in svPPA was not accounted for by other factors. First, we reran the mixed 

model analysis on total positive emotional experience but here included PPVT (in addition 

to age and sex) as a covariate. The diagnosis by trial interaction remained significant, 

F(12,50)=3.31, p<.001), suggesting that individuals with svPPA reported higher levels of 

positive emotional experience even when accounting for verbal semantic deficits.

We then reran the mixed model analyses on total positive emotional experience and 

total smiling behavior but here included psychiatric medication use (in addition to age 

and sex) as a covariate. The diagnosis by trial interactions on total positive emotional 

experience, F(12,55)=3.20, p<.001, and total smiling behavior, F(12,53)=2.06, p=.02, 

remained significant, which suggested that psychiatric medication use did not account for 

our main results.

3.5. Neuroimaging Analyses

3.5.1. Group Comparisons—The group comparisons revealed that, as expected, there 

was left-lateralized atrophy in the anterior temporal lobe, inferior temporal gyrus, insula, 

anterior cingulate cortex, amygdala, hippocampus, and caudate in svPPA when compared 

to the healthy controls (pFWE<.05). In bvFTD, there was predominant atrophy in bilateral 

anterior insula, orbitofrontal cortex, anterior cingulate cortex, anterior temporal lobe, 

amygdala, and caudate compared to the healthy controls (pFWE<.05). Both clinical groups 
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had overlapping atrophy in a priori regions of interest including the left temporal lobe and 

insula, among other regions (Figure 3).

3.5.1. Neural Correlates of Positive Emotional Reactivity—At the strictest 

statistical threshold (pFWE<.05), smaller gray matter volume in two clusters in the left 

superior temporal gyrus (STG) was associated with greater total positive emotional 

experience and greater total smiling behavior in the patients (Table 3 and Figure 4). 

Although there was overlap between these clusters, greater positive emotional experience 

was more strongly associated with smaller gray matter volume in left middle STG, 

but greater smiling was more strongly associated with smaller gray matter volume in 

left posterior STG. At p<.001, smaller volume in bilateral middle frontal gyri, left 

fusiform, and left inferior temporal gyrus was also associated with greater total positive 

emotional experience and greater total smiling behavior. Although some shared regions 

were associated with both experience and behavior, each emotional reactivity measure also 

had other non-overlapping neural correlates. While greater positive emotional experience 

was associated with smaller gray matter volume in the left dorsal anterior insula, left 

ventrolateral prefrontal cortex, left inferior temporal gyrus, and left fusiform, among other 

regions (p<.001), greater smiling behavior was uniquely associated with smaller volume 

in bilateral precentral gyri, bilateral supplementary motor area, bilateral superior frontal 

gyri, among others (p<.001). No regions emerged in which smaller gray matter volume 

was associated with lower positive emotional experience or lower smiling behavior at this 

threshold.

3.5.2. Follow-Up Neuroimaging Analyses—In follow-up VBM analyses that 

included PPVT or CDR-SOB scores as covariates to account for disease severity (instead 

of MMSE), our main neuroimaging results persisted, albeit with smaller cluster sizes. At 

the strictest statistical threshold (pFWE<.05), greater total positive emotional experience 

continued to correlate with smaller gray matter volume in the left STG when controlling 

for either PPVT or CDR-SOB. At the uncorrected threshold of p<.001, both greater total 

positive emotional experience and greater total smiling behavior were associated with 

smaller volume in left STG when controlling for either of these covariates (Supplementary 

Figure 1).

To ensure the VBM results reflected linear relationships between gray matter volume 

and positive emotional reactivity across the sample (and were not driven by diagnostic 

group), we extracted the gray matter volume from the left STG and the left dorsal anterior 

insula clusters that correlated with total positive emotional experience. We entered these 

cluster volumes (as well as age, sex, diagnosis, TIV, and MMSE) in a regression model 

and found that volume in both the left STG, t(22)=−3.92, p<.001), and the left dorsal 

anterior insula, t(22)=−2.94, p<.01, were significant predictors of total positive emotional 

experience. Scatterplots further confirmed that there were linear relationships between gray 

matter volume in these regions and positive emotional experience across both clinical groups 

(Figure 5).
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4. Discussion

Our results indicate positive emotional reactivity is elevated in svPPA. Individuals with 

svPPA reported greater positive emotional experience and exhibited greater smiling behavior 

than the bvFTD and healthy control groups in response to a variety of affective, and non-

affective, stimuli. Compared to the other groups, people with svPPA reported higher levels 

of positive emotional experience while viewing photographs that typically elicit positive 

emotions (e.g., awe and nurturant love trials). They also, however, reported greater positive 

emotional experience to photographs that usually elicit negative emotions (e.g., fear trial) 

and even to photographs that generally elicit no emotions at all (e.g., neutral trial). The 

elevated positive emotional experience in svPPA was not accounted for by semantic deficits 

alone (i.e., our results held when controlling for PPVT) and did not appear to reflect 

variation in word frequency (i.e., people with svPPA did not systematically endorse emotion 

words that are more or less common in the English language). Behaviorally, whereas 

individuals with bvFTD smiled less than the healthy controls during the amusement trial, 

those with svPPA exhibited greater smiling than those with bvFTD during the fear and 

sadness trials. While smaller gray matter volume in the left STG, left inferior temporal 

gyrus, left fusiform gyrus, and bilateral middle frontal gyri was associated with both greater 

positive emotional experience and greater smiling behavior, the experiential and behavioral 

measures also had unique neural correlates that included overlapping yet distinct neural 

systems predominantly in the left hemisphere.

Relatively little is known about social and emotional alterations in svPPA, but the present 

study suggests positive emotions are elevated in this FTD subtype. In bvFTD, right-sided 

atrophy is often associated with affective blunting and diminished emotional reactivity 

(Bickart et al., 2014; Sturm et al., 2013; Verstaen et al., 2016), though some patients do 

exhibit elevated positivity (Clark et al., 2015; Hua et al., 2018; Perry et al., 2017). By 

measuring experiential and behavioral responses to a wide range of stimuli, we were able 

to uncover elevated positive emotional reactivity in svPPA in a variety of contexts, which is 

consistent with one prior study of facial expressivity in this disorder (Kumfor et al., 2019). 

The enhanced positive reactions in svPPA not only arose in response to stimuli intended to 

elicit positive emotions (e.g., smiling babies and nature scenes) but also in response to those 

that typically evoke negative emotions (e.g., snakes and spiders) or even no emotions at all 

(e.g., power cords and a sink).

Our results build on previous work and suggest positive emotions may become dysregulated 

in FTD when atrophy targets frontotemporal systems in the left hemisphere. In a 

previous study of FTD, we found atrophy in left-lateralized in regions that support 

emotion regulation, including dorsal anterior insula and ventrolateral prefrontal cortex, 

was associated with greater positive emotional reactivity (Sturm et al., 2015). The present 

study offers convergent evidence that smaller gray matter volume in these regions underlies 

patients’ heightened positive emotional reactivity and suggests the left temporal lobe also 

plays a critical role in modulating positive emotional experience and behavior. The left STG, 

fusiform gyrus, inferior temporal gyrus, and middle frontal gyri emerged as regions in which 

atrophy was associated with greater positive emotional experience and smiling behavior. 

The STG plays a central role in auditory comprehension and language (Price, 2010) and 
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is critical for processing socioemotional cues including facial expressions, eye gaze, mouth 

movements, gestures, and prosody (Adolphs, 2003; Gobbini et al., 2004; Haxby et al., 2000; 

Mion et al., 2010). By integrating multiple streams of sensory information (Beauchamp et 

al., 2004; Calvert et al., 2000), the STG may help to fine tune activity in emotion generation 

systems (Saper, 2002) and to produce context-appropriate emotional reactions (Müller et al., 

2012; Picó-Pérez et al., 2018). Left-lateralized STG degeneration, in particular, may disrupt 

appraisal processes and interfere with patients’ comprehension of socioemotional signals 

and may increase positive emotional reactivity by releasing activity in emotion generators 

(Lieberman et al., 2011; Marshall et al., 2018; McRae et al., 2012) such as the left amygdala 

(Müller et al., 2012). Although atrophy in the left amygdala was also associated with 

greater positive emotional experience, elevated positive emotional reactivity in the patients 

may also require relative preservation of other emotion generators in the left hemisphere 

or participation of homologous structures in the right. In svPPA, degeneration of the left 

STG may also disrupt vulnerable left-lateralized white matter tracts (Agosta et al., 2013) 

that connect the STG to ventrolateral prefrontal cortex (Kiernan, 2012; Öngür et al., 2003; 

Petrides & Pandya, 1988, 2007, 2009a, 2009b), a region critical for emotion regulation 

(Lieberman et al., 2007) and behavioral inhibition (Aron et al., 2004). Atrophy of bilateral 

middle frontal gyri, which also support cognitive control and emotion regulation (Etkin 

et al., 2015; Kohn et al., 2014; Ochsner & Gross, 2005; Silvers et al., 2012), likely also 

contributed to enhanced positive emotional reactivity in FTD by reducing the modulation of 

positivity across contexts.

As multisystem responses, emotions are accompanied by alterations in experience and 

behavior, among other changes (Levenson, 2003). Although the experiential and behavioral 

components of positive emotions are typically linked (Mauss et al., 2005), it is possible 

that heightened positive emotional experience and smiling behavior in svPPA may result 

from atrophy in distinct, yet overlapping, left-lateralized neural systems. Whereas greater 

positive emotional experience was associated with atrophy in the left middle STG and 

frontal regions that support behavioral control and emotion regulation (e.g., left dorsal 

anterior insula and left ventrolateral prefrontal cortex), elevated smiling behavior was 

associated with atrophy in left posterior STG and more posterior frontal regions that support 

motor functioning (e.g., bilateral precentral gyri and bilateral supplementary motor area). 

It is possible that degeneration of the left middle STG, which has strong connections 

with both dorsal anterior insula (Cauda et al., 2011) and ventrolateral prefrontal cortex 

(Erickson et al., 2017; Margulies & Petrides, 2013), may disrupt behavioral inhibition and 

cognitive control, thereby disinhibiting positive thoughts and feelings and enhancing positive 

emotional experience. The posterior STG, although it also has strong connections with 

ventrolateral prefrontal cortex, is tightly connected with the precentral gyrus, supplementary 

motor area, and middle frontal gyrus (Erickson et al., 2017). Thus, left-lateralized posterior 

STG atrophy may have more dramatic effects on facial movements and release smiling 

behavior, in particular, by disinhibiting bilateral frontal regions that support facial motor 

control (Margulies & Petrides, 2013; Petrides et al., 2005).

The present study has several limitations to consider. First, we used static images to evoke 

emotional reactivity. Future studies that examine reactivity to dynamic positive emotional 

stimuli, which may be more powerful elicitors of emotion, would help to further elucidate 
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the nature of the positive emotional alterations in FTD. Second, emotional experience is 

subjective and, thus, can only be assessed with language-based measures. We found elevated 

positive emotional experience in individuals with svPPA who, by definition, have impaired 

semantic knowledge. We attempted to rule out the possibility that the heightened positive 

emotional experience we found in svPPA was not due to semantic deficits alone (e.g., by 

examining the frequency of the emotion terms and whether positive emotional experience 

related to semantic knowledge), but it is possible that loss of semantic knowledge may 

somehow have caused individuals with svPPA to inflate their endorsement of positive 

emotion terms more than negative ones. Third, we used MMSE as a measure of disease 

severity in our main neuroimaging analyses, but this measure is not ideal for capturing 

disease severity in both clinical groups. When we included covariates to account for 

semantic deficits (PPVT) and behavioral symptoms (CDR-SOB)—clinical measures that 

sensitive to disease progression in svPPA and bvFTD, respectively—the associations that 

left STG had with total positive emotional experience and total smiling behavior remained 

significant, though the clusters were much smaller. It is likely that alterations in positive 

emotions are indeed related to disease severity in FTD and to other language and behavioral 

symptoms. Future studies that investigate whether positive emotions change with disease 

progression will be needed to advance our understanding of the natural history of positive 

emotional reactivity in FTD.

FTD syndromes offer a unique opportunity to study the neural systems that produce 

and control positive emotions (Levenson, 2019; Levenson et al., 2014). Although some 

theorists posit the right hemisphere is essential for all emotions (Gainotti, 1972, 2019), 

our results are more aligned with neuroanatomical models in which the left hemisphere 

plays a predominant role in the generation and regulation of positive emotions (Davidson, 

1992). Consistent with our previous work, we found elevated positive emotional reactivity 

in svPPA, which related to leftward frontotemporal atrophy patterns. This study helps to 

expand our understanding of the nature of positive emotion alterations in FTD and their 

underlying neural correlates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mean positive emotional experience across trials in each diagnostic group
*= p<.05, **=p<.001. Separate ANCOVAs (controlling for age and sex) were run for 

each trial to decompose the significant diagnosis by trial interaction that was detected 

in our primary analysis on total positive emotional experience. Tukey-adjusted pairwise 

comparisons were conducted to correct for multiple comparisons. Error bars represent the 

standard error. These analyses revealed that people with svPPA reported significantly higher 

levels of total positive emotional experience during the awe (p<.001), love (p<.05), and 

neutral (p<.05) trials than the bvFTD and healthy control groups. People with svPPA also 

reported significantly higher levels of positive emotional experience during the fear trial than 

healthy controls (p<.05).
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Figure 2. Mean smiling behavior across trials in each diagnostic group.
*=p<.05. Separate ANCOVAs (controlling for age and sex) were run for each trial to 

decompose the significant diagnosis by trial interaction that was detected in our primary 

analysis on smiling behavior. Tukey-adjusted pairwise comparisons were used to correct for 

multiple comparisons. People with svPPA had a higher total smiling score during the fear 

(p<.05) and sadness (p<.05) trials than those with bvFTD. People with bvFTD had a greater 

total smiling score during the amusement trial than the healthy controls (p<.05).
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Figure 3. Distinct and overlapping atrophy patterns in svPPA and bvFTD.
Whole-brain voxel-based morphometry analyses (controlling for age, sex, and TIV) 

confirmed that the A) svPPA and (B) bvFTD groups had smaller gray matter volume than 

the healthy controls in frontotemporal and subcortical regions typically atrophied in these 

syndromes (pFWE<.05). (C) In svPPA and bvFTD, there was some overlapping atrophy, but 

the people with svPPA tended to have more left lateralized atrophy than those with bvFTD, 

whose atrophy was more bilateral (pFWE<.05). Statistical maps are superimposed on the 

Montreal Neurological Institute template.
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Figure 4. Left-lateralized atrophy related to greater total positive emotional experience and 
greater total smiling behavior.
Voxel-based morphometry analyses (controlling for age, sex, diagnosis, MMSE, and TIV) 

revealed that (A) smaller gray matter volume in left superior temporal gyrus was associated 

with greater total positive emotional experience (pFWE<.05) and greater total smiling 

behavior (pFWE<.05). (B) Greater total positive emotional experience was associated with 

smaller gray matter volume in the left superior temporal gyrus, left dorsal anterior insula, 

and left orbitofrontal cortex (p<.001), and (C) greater total smiling behavior was associated 

with smaller gray matter volume in the left temporal lobe and middle frontal gyrus. Color 

bars represent T-scores at p<.001. Statistical maps are superimposed on the Montreal 

Neurological Institute template.
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Figure 5. Linear association between total positive emotional experience and gray matter volume 
across the clinical groups.
A regression model (controlling for age, sex, diagnosis, TIV, and MMSE) confirmed that 

total positive emotional experience had a linear association across the clinical groups with 

gray matter volume in the left superior temporal gyrus and left dorsal anterior insula clusters 

that emerged in the VBM analyses. These results suggest the neuroimaging results reflected 

linear brain-emotion associations and were not driven by one diagnostic group.
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Table 1.

Participant demographics and clinical data.

Characteristics Healthy Controls bvFTD svPPA Test Statistic p-value

n 21 24 16

Age 70.1 (6.3) 65.2 (8.3) 64.7 (6.2) F(2,58)=3.57 .03

Sex (Male/Female) 9/12 15/9 6/10 χ2(2, N=61)=2.91 .23

Education 16.3 (3.5) 16.3 (3.5) 17.9 (3.1) F(2,56)=2.18 .13

CDR Total Score (0–3) 0.0 (0.1) 1.3 (0.6) 0.8 (0.4) F(1,38)=11.01 <.01

CDR-SOB (0–12) 0.1 (0.3) 7.2 (2.7) 4.2 (2.2) F(1,38)=13.89 <.001

MMSE (0–30) 29.1 (1.2) 25.3 (3.3) 23.3 (4.7) F(1,38)=2.49 .12

PPVT (0–16) 16.0 (0) 14.5 (1.7) 10.6 (2.6) F(1,33)=30.07 <.001

BNT (0–15) 14.8 (0.5) 12.8 (2.9) 5.1 (3.2) F(1,37)=64.45 <.001

Psychiatric medications (Y/N) 2/19 18/6 11/5 χ2(1, N=40)=.19 .66

Statistical comparisons were limited to the bvFTD and svPPA groups for the clinical measures (i.e., CDR Total Score, CDR-SOB, MMSE, 
PPVT, BNT, and psychiatric medications) due to heterogeneity of variance in the healthy control group. bvFTD=behavioral variant frontotemporal 
dementia, svPPA=semantic variant primary progressive aphasia, MMSE=Mini-Mental State Examination, CDR=Clinical Dementia Rating scale; 
CDR-SOB=Clinical Dementia Rating – Sum of Boxes; PPVT=Peabody Picture Vocabulary Test; BNT=Boston Naming Test. Means (and standard 
deviations) included unless otherwise noted.
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Table 2.

Positive emotional experience group comparisons.

Healthy Controls
M(SE)

svPPA
M(SE)

bvFTD
M(SE) Significance

Awe Trial

Amusement Experience 0.4 (1.0) 2.2 (1.6) 0.9 (1.3) svPPA > Healthy controls**

svPPA > bvFTD*

Awe Experience 3.0 (0.8) 2.7 (1.5) 2.0 (1.6) N.S.

Love Experience 1.2 (1.1) 2.4 (1.2) 1.4 (1.7) svPPA > Healthy controls*

Compassion Experience 0.8 (1.0) 2.1 (1.4) 1.1 (1.5) svPPA > Healthy controls*

Love Trial

Amusement Experience 2.1 (1.1) 3.1 (0.6) 1.9 (1.5) svPPA > bvFTD*

Awe Experience 1.2 (1.0) 2.3 (1.3) 1.2 (1.4) svPPA > Healthy controls*

svPPA > bvFTD*

Love Experience 2.9 (0.7) 3.1 (0.9) 2.6 (1.4) N.S.

Compassion Experience 2.0 (1.2) 2.9 (1.0) 2.6 (1.5) N.S.

Neutral Trial

Amusement Experience 0.3 (0.6) 1.0 (1.3) 0.5 (1.0) N.S.

Awe Experience 0.1 (0.3) 0.8 (1.2) 0.1 (0.4) svPPA > Healthy controls*

svPPA > bvFTD*

Love Experience 0.2 (0.5) 1.2 (1.3) 0.2 (0.7) svPPA > Healthy controls*

svPPA > bvFTD*

Compassion Experience 0.1 (0.5) 0.9 (1.3) 0.4 (1.2) N.S.

Fear Trial

Amusement Experience 0.5 (0.7) 1.4 (1.3) 0.5 (1.0) svPPA > Healthy controls *

svPPA > bvFTD*

Awe Experience 1.1 (0.7) 1.1 (1.0) 0.8 (1.1) N.S.

Love Experience 0.0 (0.0) 0.8 (1.2) 0.6 (1.4) N.S.

Compassion Experience 0.2 (0.5) 1.0 (0.8) 0.4 (1.0) svPPA > Healthy controls *

*
=p<.05

**
=p<.001, mean (standard error).

Follow-up ANCOVAs (controlling for age and sex) for each type of positive emotional experience. N.S. indicates non-significant.
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Table 3.

Neural correlates of total positive emotional experience and total smiling behavior.

Anatomical region Cluster volume (mm3) MNI coordinates Maximum T-score p-value

x y z

Total Positive Emotional Experience

 Left Superior Temporal Gyrus (mid) 1559 −56 −20 −3 5.88 .04*

  †Left Middle Temporal Gyrus

 Left Dorsal Anterior Insula 368 −30 29 11 4.91 .17

  †Left Pars Triangularis

 Midbrain 304 −6 −18 −9 4.10 .20

 Right Middle Frontal Gyrus 253 35 42 12 5.13 .23

 Left Middle Temporal Gyrus 223 −51 −56 6- 4.48 .26

 Left Middle Frontal Gyrus 192 −33 39 17 4.48 .29

 Left Middle Frontal Gyrus 182 −23 33 29 4.79 .30

 Left Fusiform Gyrus 115 −33 −26 −20 4.13 .41

 Left Inferior Temporal Gyrus 105 −57 −15 −35 3.93 .44

 Left Orbitofrontal Cortex 91 −32 48 −8 4.36 .47

 Left Amygdala 91 −29 −2 −17 4.12 .47

 Left Inferior Temporal Gyrus 78 −59 −44 −18 3.82 .51

 Left Inferior Temporal Gyrus 64 −42 −54 −8 4.18 .54

 Left Middle Frontal Gyrus 57 −36 21 38 4.09 .56

 Left Middle Temporal Gyrus 57 −60 −48 0 3.97 .56

 Left Olfactory Bulb 54 −24 8 −14 3.74 .57

 Left Middle Temporal Gyrus 54 −54 −6 −24 3.76 .57

 Left Parahippocampal Gyrus 54 −21 −12 −29 3.68 .57

 Right Midbrain 47 14 −21 −9 4.56 .60

 Left Inferior Temporal Gyrus 47 −56 −2 −35 3.59 .59

 Right Middle Frontal Gyrus 44 20 42 24 4.77 .60

 Left Pars Opercularis 37 −38 11 14 3.83 .62

 Left Midbrain 30 −12 −23 −9 4.01 .64

 Left Putamen 27 −35 −17 −8 4.18 .66

 Right Superior Temporal Gyrus 17 44 −24 2 3.77 .70

 Left Inferior Temporal Gyrus 17 −41 −45 −9 3.83 .696

 Right Pons 17 11 −33 −30 3.81 .696

Total Smiling Behavior

 Left Superior Temporal Gyrus (posterior) 1232 −53 −41 11 5.65 .04*

 Left Inferior Temporal Gyrus 618 −48 −35 −24 5.3 .10

 Left Middle Frontal Gyrus 452 −36 23 42 4.67 .13

 Right Middle Frontal Gyrus 233 39 41 20 4.25 .24

 Right Posterior Midcingulate Cortex 145 3 −35 50 4.44 .36

 Left Middle Frontal Gyrus 108 −30 8 57 4.51 .42
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Anatomical region Cluster volume (mm3) MNI coordinates Maximum T-score p-value

x y z

 Brainstem 105 15 −35 −33 4.52 .43

 Right Superior Frontal Gyrus 74 20 12 51 4.50 .52

 Left Superior Frontal Gyrus 64 −15 48 5 4.35 .52

 Right Precentral Gyrus 57 45 2 44 4.14 .56

 Right Medial Orbitofrontal Cortex 43.9 12 57 −9 3.82 .626

 Left Fusiform Gyrus 37.1 −41 −47 −11 3.87 .651

 Right Middle Frontal Gyrus 30.4 33 21 36 3.73 .680

 Left Precentral Gyrus 30.4 −51 14 33 3.68 .680

 Right Middle Frontal Gyrus 27.0 54 18 39 3.72 .691

 Left Middle Frontal Gyrus 27.0 −29 32 29 3.98 .691

 Right Supplementary Motor Area 20.3 18 15 66 3.85 .719

 Left Inferior Temporal Gyrus 20.3 −59 −44 −18 3.7 .719

 Right Superior Frontal Gyrus 16.9 21 −2 74 3.67 .734

 Left Supplementary Motor Area 16.9 −11 −5 69 3.85 .734

 Left Precentral Gyrus 16.9 −47 0 44 3.64 .734

 Left Ventral Anterior Insula 16.9 −26 11 −15 3.61 .734

Voxel-based morphometry analyses (controlling for age, sex, diagnosis, MMSE, and TIV) revealed that smaller gray matter volume in 
predominately left hemisphere regions was associated with greater total positive emotional experience and greater total smiling behavior. Montreal 
Neurological Institute coordinates (x, y, z) are reported for maximum T-score in each cluster. All results are significant at p<.001, uncorrected.

*
=Results significant at pFWE<.05.

†
=region included in cluster above. Clusters smaller than 15 mm3 were excluded.
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