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Increasing empathic concern relates to salience network hyperconnectivity 
in cognitively healthy older adults with elevated amyloid-β burden 
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A B S T R A C T   

Enhanced emotional empathy, the ability to share others’ affective experiences, can be a feature of Alzheimer’s 
disease (AD), but whether emotional empathy increases in the preclinical phase of the disease is unknown. We 
measured emotional empathy over time (range = 0 – 7.3 years, mean = 2.4 years) in 86 older adults during a 
period in which they were cognitively healthy, functionally normal, and free of dementia symptoms. For each 
participant, we computed longitudinal trajectories for empathic concern (i.e., an other-oriented form of 
emotional empathy that promotes prosocial actions) and emotional contagion (i.e., a self-focused form of 
emotional empathy often accompanied by feelings of distress) from informant ratings of participants’ empathy 
on the Interpersonal Reactivity Index. Amyloid-β (Aβ) positron emission tomography (PET) scans were used to 
classify participants as either Aβ positive (Aβ+, n = 23) or negative (Aβ-, n = 63) based on Aβ-PET cortical 
binding. Participants also underwent structural and task-free functional magnetic resonance imaging approxi-
mately two years on average after their last empathy assessment, at which time most participants remained 
cognitively healthy. Results indicated that empathic concern, but not emotional contagion, increased more over 
time in Aβ+ participants than in Aβ- participants despite no initial group difference at the first measurement. 
Higher connectivity between certain salience network node-pairs (i.e., pregenual anterior cingulate cortex and 
periaqueductal gray) predicted longitudinal increases in empathic concern in the Aβ+ group but not in the Aβ- 
group. The Aβ+ participants also had higher overall salience network connectivity than Aβ- participants despite 
no differences in gray matter volume. These results suggest gains in empathic concern may be a very early feature 
of AD pathophysiology that relates to hyperconnectivity in the salience network, a system that supports emotion 
generation and interoception. A better understanding of emotional empathy trajectories in the early stages of AD 
pathophysiology will broaden the lens on preclinical AD changes and help clinicians to identify older adults who 
should be screened for AD biomarkers.   

1. Introduction 

Emotional alterations are a poorly understood feature of Alzheimer’s 

disease (AD). While numerous prior studies of AD have investigated 
cognitive symptoms (McKhann et al., 1984), less is known about the 
changes in emotions and empathy that also emerge across the disease 

Abbreviations: AD, Alzheimer’s disease; MCI, mild cognitive impairment; APOE, apolipoprotein E; Aβ, amyloid-β; PET, positron emission tomography; MRI, 
magnetic resonance imaging; tf-fMRI, task-free functional magnetic resonance imaging; VBM, voxel-based morphometry; ACC, anterior cingulate cortex; PAG, 
periaqueductal gray; IRI, Interpersonal Reactivity Index. 
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course (e.g., Fernandez-Duque et al., 2010; Lyketsos and Olin, 2002; 
Rankin et al., 2006). In the symptomatic phase of AD, progressive 
deterioration of the default mode network is associated with decline in 
episodic memory as well as other areas of cognitive functioning 
(Andrews-Hanna et al., 2010; Buckner et al., 2008; Greicius et al., 2003; 
Pini et al., 2016; Raichle, 2015; Seeley et al., 2009). The default mode 
network interacts with the salience network, a distributed brain system 
that supports emotion generation and interoception (Jilka et al., 2014; 
Menon and Uddin, 2010). With hubs in the anterior cingulate cortex 
(ACC) and ventral anterior insula and connections to the amygdala, 
hypothalamus, and periaqueductal gray (PAG), the salience network 
guides behavior by detecting and responding to personally relevant cues 
(Hermans et al., 2011; Seeley et al., 2007). Studies of healthy individuals 
have found that functional connectivity in the default mode and salience 
networks are inversely correlated, such that higher connectivity in one is 
often associated with lower connectivity in the other (Greicius et al., 
2003; Seeley et al., 2007). The reciprocal relationship between these two 
networks suggests that decline in the default mode network may result 
in enhancement of the salience network, a pattern that has been found in 
the early clinical phase of AD (Balthazar et al., 2014; Zhou et al., 2010). 
In AD dementia, heightened salience network connectivity is associated 
with affective symptoms that might reflect elevated emotional respon-
sivity including agitation, irritability, and disinhibition (Balthazar et al., 
2014). 

For people on an AD trajectory, salience network connectivity may 
begin to increase prior to the onset of dementia. Incipient AD pathology 
can be detected by measuring the abnormal accumulation of amyloid-β 
(Aβ), a hallmark feature of AD pathology (Braak and Braak, 1991; Fox 
et al., 1996; Hampel et al., 2008), in healthy older adults who lack 
cognitive symptoms (Insel et al., 2017; Jagust, 2016; Mormino, 2014; 
Mormino and Papp, 2018; Risacher and Saykin, 2013; Rowe et al., 2013; 
Sperling et al., 2011). Prior studies have shown that cognitively healthy 
older adults with elevated Aβ burden, as detected by molecular positron 
emission tomography (PET) imaging, have salience network hyper-
connectivity (Brier et al., 2014; Fredericks et al., 2018). Similar salience 
network connectivity enhancements have also been reported in 
asymptomatic adults at genetic risk for AD (Machulda et al., 2011) and 
in individuals with mild cognitive impairment (MCI) (Bai et al., 2009), a 
clinical stage that often precedes AD dementia. In addition to lower 
scores on tests of episodic memory (Hedden et al., 2013), cognitively 
healthy older adults with elevated Aβ have greater increases in neurot-
icism (Binette et al., 2021; Fredericks et al., 2018; Snitz et al., 2015; 
Terracciano et al., 2021) as well as higher depression (Donovan et al., 
2018; Yasuno et al., 2016) and loneliness (Donovan et al., 2016) than 
their peers, affective changes that may reflect enhanced connectivity in 
the salience network (Balthazar et al., 2014; Fredericks et al., 2018; 
Zhou et al., 2010). 

Emotional empathy, the ability to share and experience others’ in-
ternal states via automatic physiological and motor mirroring mecha-
nisms (Decety and Jackson, 2004), also depends on the salience network 
(Singer and Klimecki, 2014; Zaki and Ochsner, 2012) and may intensify 
over the course of AD. Emotional empathy can be further divided into 
two subtypes: emotional contagion and empathic concern (Davis, 1983; 
Decety and Jackson, 2004). Unlike emotional contagion, which is a self- 
focused form of emotional empathy that often leads to feelings of per-
sonal distress and overwhelm, empathic concern is an other-oriented 
form of emotional empathy that encourages compassionate, prosocial 
actions that prioritize the feelings and needs of other people (Batson 
et al., 1981; Hatfield et al., 1993). In our previous work, we found 
stepwise elevations in emotional contagion in MCI and AD dementia 
when compared to healthy older controls (Sturm et al., 2013b). Whether 
emotional empathy begins to increase prior to MCI, however, is 
unknown. 

In the present study, we investigated emotional empathy trajectories 
in healthy older adults with elevated Aβ and their associations with 
salience network connectivity. Empathic concern is a more sophisticated 

form of emotional empathy than emotional contagion and requires in-
dividuals to downregulate their emotional reactions and respond to the 
needs of others (Roth-Hanania et al., 2011). Thus, we anticipated that 
empathic concern may begin to climb in the preclinical phase of AD, 
when people lack cognitive symptoms and can manage strong emotions 
despite the presence of early pathological changes (Jack Jr et al., 2010; 
Sperling et al., 2011). We expected that participants with elevated Aβ 
burden would have elevated salience network connectivity and that 
those who exhibited the greatest increases in empathic concern would 
have higher connectivity between salience network node-pairs that 
generate emotions. A more complete understanding of the affective 
changes that arise in the early stages of Aβ aggregation will help to 
elucidate new domains, such as emotional empathy, in which changes 
herald an underlying AD process. 

2. Materials and methods 

2.1. Participants 

Participants were 86 healthy older adults (aged 48 – 85 years at their 
first empathy assessment) recruited from the University of California, 
San Francisco (UCSF) Hillblom Healthy Aging Network, a longitudinal 
study of healthy aging (see Table 1). At each research visit, participants 
underwent multidisciplinary diagnostic evaluations that included a 
neurological examination, neuropsychological testing, neuroimaging, 
and an assessment of daily functioning. The neuropsychological 
assessment included tests of episodic memory, language, visuospatial 
processing, and executive functioning (Kramer et al., 2003). Mood was 
assessed with the Geriatric Depression Scale (GDS), a self-report mea-
sure that quantifies depressive symptoms over the past two weeks 
(Yesavage et al., 1982); GDS scores indicate the presence of mild (0 – 10 
points), moderate (11 – 20 points), or severe (21 – 30 points) depressive 
symptoms. Participants also had available apolipoprotein E (APOE) ge-
netic data, which was used to determine whether they were carriers of at 
least one copy of APOE*E4, an AD risk allele (Bertram and Tanzi, 2008). 

The multidisciplinary evaluations were used to confirm that all 
participants were cognitively normal and free of current neurological or 
psychiatric disorders at each of their empathy measurements. At the 
time of their first empathy assessment (within six months), all partici-
pants obtained a score of 26 or greater on the Mini-Mental State Ex-
amination (MMSE), a measure of overall mental status (Folstein et al., 
1975), and had a score of 0 on the Clinical Dementia Rating scale (CDR), 
an informant-based measure of daily functioning (Morris, 1991). 

2.2. Emotional empathy 

Informants rated participants’ empathy using the Interpersonal 
Reactivity Index (IRI), a multidimensional empathy measure comprised 
of cognitive and emotional empathy subscales (Davis, 1983). For each 
item, informants evaluated participants’ current behavior on a scale of 1 
(“does not describe well”) to 5 (“describes well”); scores on each IRI sub-
scale range from 7 to 35, with higher scores reflecting greater empathy. 
Informant reports are a reliable approach to assessing personality and 
empathy in healthy individuals (Konrath, 2013; Saroglou et al., 2005) 
and in those with dementia (Rankin et al., 2006; Strauss et al., 1993). To 
build on our previous work (Sturm et al., 2013b), we focused on the 
emotional empathy IRI subscales: Empathic Concern and Personal 
Distress. The Empathic Concern subscale measures feelings of compas-
sion and concern for others (e.g., “Would show tender, concerned feel-
ings for people less fortunate than them” and, “They are often quite 
touched by things they see happen”). The Personal Distress subscale 
measures self-oriented feelings of distress in response to others’ 
suffering (e.g., “Being in a tense emotional situation scares them” and, 
“Sometimes would feel helpless when in the middle of a very emotional 
situation”) and was used as our measure of emotional contagion. 

Empathy was assessed in participants for up to eight years (range =
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0 – 7.3 years, mean = 2.4 years), and most participants (62.8%) had 
more than one empathy assessment (range = 1 – 7 IRI measurements, 
mean = 2.6 IRI measurements; Aβ+ mean = 2.5 IRI measurements over 
2.5 years; Aβ- mean = 2.6 IRI measurements over 2.3 years). A total of 
222 IRI measurements were collected from the 86 participants during 
this period. Informants who completed the IRI included participants’ 
spouses (68.5%), siblings (5.0%), children (8.6%), and friends (18.0%). 
Over the course of the study, although most participants had the same 
informant (89.5%) at each visit, some had different informants over time 
(10.4%). 

2.3. Neuroimaging measures 

2.3.1. Amyloid PET scan acquisition and processing 
Participants underwent molecular Aβ-PET imaging. Aβ positivity was 

assessed with Florbetapir (18F-AV-45) or 11C-Pittsburgh compound B 
(PIB) PET scans. Standardized uptake value ratio (SUVR) values were 
calculated from data acquired between 50 and 70 minutes after tracer 
injection, with tracer-specific reference regions (whole cerebellum for 
Florbetapir, cerebellar cortex for PIB). Using previously established 
SUVR thresholds (Landau et al., 2013b; Villeneuve et al., 2015) and 
methodology (e.g., Asken et al., 2021), participants with either Florbe-
tapir SUVR values greater than 1.11 or PIB SUVR values greater than 
1.21 were categorized as Aβ positive (Aβ+). Participants that did not 
exceed these SUVR thresholds were categorized as Aβ negative (Aβ-). A 
total of 63 Aβ- participants and 23 Aβ+ participants were included in the 
current study. As the PET scan could have occurred at any time in 
relation to a participant’s disease course, we used the Aβ+ and Aβ- 
categories to distinguish between participants who, to the best of our 
knowledge, were and were not on an AD trajectory, respectively. All PET 
scans were conducted at the same time or after the last IRI measurement, 
except for one Aβ- participant who underwent PET imaging 2.6 years 
before their last IRI. The rest of the participants underwent PET imaging 
an average of 4.2 years after their last IRI (range = 0.5 years before last 
IRI to 11.9 years after last IRI; median = 4.0 years after last IRI). At the 
time of the PET scans, 91.3% of Aβ+ participants remained cognitively 
healthy, with only two Aβ+ participants (as well as three Aβ- partici-
pants) who had converted to MCI. See Supplemental Fig. 1 for more 
information about the timing of the PET scans in relation to the IRI 
measures in each participant. 

2.3.2. Magnetic resonance imaging (MRI) acquisition 
Structural MRI and task-free functional MRI (tf-fMRI) scans were 

completed during the same session on a Siemens 3.0 T Tim Trio scanner 
at the UCSF Neuroscience Imaging Center. Structural MRI scans were 
obtained using a whole-brain T1-weighted magnetization-prepared 
rapid gradient-echo (MPRAGE) imaging sequence (160 sagittal slices; 
slice thickness: 1.0 mm; field of view [FOV]: 256 × 240 mm; matrix: 
256 × 240; voxel size: 1.0 × 1.0 × 1.0 mm; repetition time [TR]: 2,300 
ms; echo time [TE]: 2.98 ms; flip angle: 9◦) while tf-fMRI scans were 
collected using a whole-brain T2*-weighted echo-planar imaging se-
quence (axial interleaved acquisition with 36 slices; slice thickness: 3.0 
mm; FOV = 230 × 230 mm; matrix: 92 × 92; voxel size: 2.5 × 2.5 × 3.0 
mm; TR: 2,000 ms; TE: 27 ms; flip angle: 80◦). 

MRI and tf-fMRI scans were analyzed for a total of 72 participants 
(18 Aβ+ participants and 54 Aβ- participants). Gray matter volume and 
functional connectivity change slowly in preclinical AD (Jack et al., 
2010; Twamley et al., 2006), and neural differences can be very subtle 
(Besson et al., 2015; Khan, 2018; Sheline and Raichle, 2013). To allow 
the longest period of time for structural and functional brain changes to 
develop in the Aβ+ participants, we used participants’ most recent scans 
that were acquired as a part of their longitudinal follow-up in the 
healthy aging study. On average, the MRI scans were acquired 1.9 years 
after participants’ last IRI (range = 0.9 years before last IRI to 9.4 years 
after last IRI, median = 1.6 years after last IRI). At the time of the MRI 
scans, 94.4% of Aβ+ participants remained cognitively healthy, with 
only one Aβ+ participant (as well as two Aβ- participants) who had 
converted to MCI. 

2.3.3. Functional neuroimaging preprocessing 
The tf-fMRI scans originally consisted of 240 functional volumes. The 

first five volumes were discarded to allow for magnetic field stabiliza-
tion, and the remaining 235 volumes for each participant were analyzed. 
The structural T1-weighted MPRAGE scans acquired during the same 
scan session were used to aid preprocessing during the co-registration 
process. 

FMRIPrep 1.2.5 (Esteban et al., 2018; Esteban, 2020) was employed 

Table 1 
Participant demographics and clinical data at the first empathy assessment.  

Measures Aβ Burden Statistics  

Aβ- Aβ+

n 63 23  
Sex (% female) 52.4% 34.8% χ2(1, N = 86) =

2.092, 
p =.148 

Age: M (SD) 70.0 
(7.3) 

69.7 
(5.2) 

t(55.109) =
0.212, 
p =.833 

Education years: M (SD) 18.0 
(2.0) 

17.3 
(1.4) 

t(53.989) =
1.753, 
p =.085 

Handedness (left/right) 6/55 1/21 χ2(1, N = 83) =
0.586, 
p =.444 

APOE*E4 carriers (% carriers) 12.7%* 39.1%* χ2(1, N = 86) =
7.422, 
p =.006 

APOE*E4 genotypes 9 E2/E3 
46 E3/ 
E3 
8 E3/E4 
0 E4/E4 

2 E2/E3 
12 E3/ 
E3 
8 E3/E4 
1 E4/E4  

Mini-Mental State Examination (/30): 
M (SD) 

29.5 
(0.8) 

29.4 
(0.7) 

t(46.172) =
0.504, 
p =.617 

Clinical Dementia Rating Scale Total 
Score (/3): M (SD) 

0 (0.0) 0 (0.0)  

Geriatric Depression Scale (/30): M 
(SD) 

2.0 
(2.4) 

2.3 
(3.0) 

t(33.215) =
-0.362, 
p =.720 

Modified Trails Number Lines Correct 
(/14): M (SD) 

14 (0.0) 14 (0.0)  

Modified Trails Errors: M (SD) 0.4 
(0.8) 

0.2 
(0.5) 

t(61.436) =
1.289, 
p =.202 

Phonemic Fluency: M (SD) 15.1 
(4.0) 

16.7 
(4.3) 

t(36.233) =
-1.480, 
p =.148 

Semantic Fluency: M (SD) 23.6 
(5.5) 

23.0 
(4.6) 

t(47.547) =
0.546, 
p =.587 

Design Fluency Correct: M (SD) 10.7 
(3.4) 

11.6 
(3.0) 

t(43.500) =
-1.180, 
p =.244 

Digit Span Backward: M (SD) 5.6 
(1.3) 

5.7 
(1.0) 

t(47.448) =
-0.612, 
p =.544 

Benson Figure Copy 10-Minute Recall 
(/17): M (SD) 

12.3 
(2.3) 

11.9 
(2.3) 

t(31.782) =
0.585, 
p =.563 

Benson Figure Copy (/17): M (SD) 15.5 
(0.9) 

15.3 
(0.8) 

t(35.485) =
1.023, 
p =.313 

Modified Boston Naming Test Correct 
(total score/15): M (SD) 

14.6 
(0.7) 

14.5 
(0.8) 

t(32.517) =
0.173, 
p =.864 

* Indicates a significant difference between Aβ- and Aβ+ participants (p <.05, 
uncorrected). Analyses included Pearson’s Chi-squared tests and Welch’s t-tests. 
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to preprocess all tf-fMRI scans due to its transparency, integration of 
tools, and adeptness at reducing motion-related artifacts. The fMRIPrep 
1.2.5 pipeline implemented conventional preprocessing procedures such 
as co-registration to the associated structural scan, slice time correction, 
motion correction, normalization to Montreal Neurological Institute 
(MNI) stereotactic space using the ICBM 152 Nonlinear Asymmetrical 
template v. 2009c (Fonov et al., 2009), and smoothing with a 6-mm full 
width at half maximum (FWHM) Gaussian kernel. Specifically, pro-
cessing of the reference T1-weighted MPRAGE scans included: ANTs 
2.2.0 procedures to correct the MPRAGE scans for bias field intensity 
non-uniformity (Tustison et al., 2010) and skull strip; FreeSurfer 6.0.1 
(Dale et al., 1999) to reconstruct brain surfaces; custom processing with 
Mindboggle to enhance brain masks (Klein et al., 2017); ANTs 2.2.0′s 
antsRegistration (Avants et al., 2008) to perform spatial normalization 
to the ICBM 152 Nonlinear Asymmetrical template v. 2009c (Fonov 
et al., 2009) using nonlinear registration; and FSL 5.0.9′s FAST (Zhang 
et al., 2001) to segment tissue. Preprocessing of the blood-oxygen-level- 
dependent (BOLD) tf-fMRI scans with fMRIPrep 1.2.5 included: custom 
fMRIPrep creation of reference volumes; FreeSurfer’s bbregister to 
perform boundary-based coregistration (Greve and Fischl, 2009) of the 
reference volumes to the structural reference; FSL 5.0.9′s MCFLIRT 
(Jenkinson et al., 2002) to estimate head-motion parameters, slice time 
correction with AFNI 20160207 (Cox and Hyde, 1997); and spatial 
smoothing using a 6-mm FWHM Gaussian kernel. 

Independent component analysis removal of motion artifacts was 
implemented through the fMRIPrep 1.2.5 preprocessing procedures 
using ICA-AROMA, a robust approach to diminishing motion-related 
signal artifacts without disrupting the functional data’s temporal char-
acteristics (Pruim et al., 2015). Scans were bandpass filtered in the 
0.0083 Hz to 0.15 Hz frequency range to minimize high frequency noise 
as well as low frequency drift (Lowe et al., 1998). 

Stringent movement correction was applied after preprocessing by 
regressing out 24 nuisance variables including six movement parame-
ters, six movement parameters derived from the prior time point, and 
the squares of the 12 corresponding terms (Friston et al., 1996) as well as 
the cerebrospinal fluid and white matter time series. Global signal 
regression was not utilized. Analyses incorporating higher-parameter 
nuisance variables have been shown to better account for motion arti-
facts relative to lower-parameter nuisance variables (Satterthwaite 
et al., 2013), and comparisons using this 24-parameter procedure 
demonstrate its ability to reduce motion-induced spikes (Yan et al., 
2013). Although this set of denoising procedures reduces motion-related 
associations, excessive participant movement can produce spurious 
correlations (Power et al., 2012). To minimize artifacts from excessive 
head movement, participants were excluded if, relative to the estimated 
reference volume created by fMRIPrep 1.2.5, the functional scans 
included movement greater than 1 mm in more than 10% of the total 
240 functional volumes, more than a maximum translational movement 
of 3 mm, or more than a maximum rotational movement of 3◦. Prior 
studies have demonstrated that these exclusion criteria result in mod-
erate to good test–retest reliability for the salience network node-pairs 
used in the present study (Guo et al., 2012). Only one Aβ+ participant 
was excluded based on these criteria. Thus, a total of 72 participants (18 
Aβ+ and 54 Aβ-) were included in the tf-fMRI analyses. 

2.3.4. Structural neuroimaging preprocessing 
The T1-weighted MPRAGE structural scans were visually inspected 

prior to analysis to ensure adequate quality. Images were preprocessed 
with the Computational Anatomy Toolbox (CAT12; https://www.neuro. 
uni-jena.de/cat/) and Statistical Parametric Mapping 12 (SPM12; 
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) using standard 
structural imaging analysis procedures that included segmentation, 
normalization to MNI stereotactic space, modulation, and smoothing 
with an 8-mm FWHM Gaussian kernel. Normalization involved use of 
the Diffeomorphic Anatomic Registration Through Exponentiated Lie 
algebra (DARTEL; Ashburner, 2007) to warp participants’ images into 

MNI stereotactic space. No participants were initially excluded based on 
poor quality scans, but we excluded from the structural analyses the one 
Aβ+ participant whose tf-fMRI scan had been excluded. This resulted in 
a total of 72 participants (the same 18 Aβ+ and 54 Aβ- individuals as the 
tf-fMRI analyses) in the structural neuroimaging analyses. 

2.4. Analyses 

2.4.1. Emotional empathy analyses 
All analyses of empathy were conducted in R v.4.0.3 (R Core Team, 

2020). Participants were only included in the regression models for 
which they had available data, and all datapoints were analyzed. Fixed 
effects are reported for ease of interpretation. 

We conducted multivariate mixed-model linear regressions, imple-
mented through the nlme package (Pinheiro et al., 2018), to determine 
whether emotional empathy differed in the Aβ+ or Aβ- groups over time. 
To account for the variable amounts of time (in days) that elapsed be-
tween the collection of different measures within and across partici-
pants, we calculated a set of “interval” variables. First, we computed the 
“IRI – IRI interval” variable, which was the number of days between the 
participant’s first IRI (IRI1) and each subsequent IRI until their final IRI 
(IRIn). This variable (i.e., IRI1 – IRI2, IRI1 – IRI3 … IRI1 – IRIn) enabled us 
to control for the variable amount of time over which empathy was 
assessed. As IRI1 – IRIn reflected the total number of days over which 
empathy was measured in each participant, we refer to this interval 
variable as “time” in our analyses. Next, we computed the “IRI – PET 
interval” variable, which was the number of days between a partici-
pant’s PET scan and each of their IRI assessments. This variable (i.e., IRI1 
– PET, IRI2 – PET … IRIn – PET) allowed us to account for the variable 
amount of time that passed between the determination of a participant’s 
Aβ status and their IRI measures. 

In the regression models, the raw empathic concern or emotional 
contagion scores were entered as the dependent variables to compare 
participants’ emotional empathy slopes over time. Fixed effects in these 
models included Aβ status (Aβ+= 1 and Aβ- = 0), sex, age, and APOE*E4 
carrier status—covariates associated with AD, emotions, and empathy 
(Davis, 1980; Gard and Kring, 2007; Kring and Gordon, 1998)—as well 
as the IRI – IRI and IRI – PET interval variables. We also included a Aβ 
status by time (IRI1 – IRIn) interaction term as a fixed effect to examine 
changes in emotional empathy across time by group. Random effects in 
these models included slopes of time (IRI1 – IRIn) and intercepts for each 
participant to account for individual longitudinal trajectories. For par-
ticipants who had only one IRI measure, estimates of the random effects 
component of their empathic concern and emotional contagion slopes 
were calculated as the deviation from the fixed effects of time (IRI1 – 
IRIn). 

Because the random effect variances differed between the Aβ+ and 
Aβ- groups, we next conducted multiple regressions in each group 
separately to capture participant-specific changes in emotional 
empathy. Here, the dependent variables were either the raw empathic 
concern or emotional contagion scores. Covariates included the same 
fixed and random effects as above (including the IRI – IRI and IRI – PET 
interval terms), with the omission of the Aβ status by time (IRI1 – IRIn) 
interaction term. From these models, we extracted the slopes of time 
(IRI1 – IRIn) for each participant (the coefficient combining the fixed and 
random effects of the IRI1 – IRIn time), which represented individualized 
emotional empathy trajectories, for use in the functional neuroimaging 
analyses (see next section 2.4.2). 

2.4.2. Functional neuroimaging analyses 
Salience network connectivity was examined using a priori nodes, a 

region of interest (ROI) approach that is preferable for matrix-based 
investigations (see Sturm et al. (2018)) (Fig. 1A). In brief, 21 ROIs 
corresponding to the salience network were created from tf-fMRI scans 
in an independent sample; see Guo et al. (2012) for more details. We 
used the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012) 
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to calculate Fisher z-transformed bivariate correlation edge weights for 
the 74 node-pairs that corresponded to the connections depicted in 
Sturm et al. (2018) (Fig. 1B). 

First, we used hierarchical regressions to investigate whether 
salience network node-pair connectivity predicted emotional empathy 
trajectories in Aβ+ participants (Sturm et al., 2018; Sturm et al., 2013a). 
We first conducted Pearson’s bivariate correlational analyses to assess 
the correlation strength between Aβ+ participants’ emotional empathy 
trajectories and connectivity in each of the 74 salience network node- 
pairs; only node-pairs with a correlation coefficient of r ≥ 0.25 were 
included in subsequent analyses to avoid over-specification of the 
models. Forward-selection hierarchical regression models, which allow 
node-pairs to compete for entry in the final regression model (Akaike, 
1998), were then conducted using the MASS package in R (Venables and 

Ripley, 2002) to identify the salience network node-pairs that predicted 
emotional empathy trajectories. To reduce the likelihood of collinearity 
between homologous salience network node-pairs in the left and right 
hemispheres, we ran three hierarchical regression models to examine 
ipsilateral left hemisphere connections, ipsilateral right hemisphere 
connections, and contralateral connections. As the PAG contained re-
gions in both the left and right hemisphere, this ROI was included in 
both ipsilateral models but not the contralateral one. As an additional 
measure to avoid collinearity, only salience network node-pairs that 
were significant predictors of emotional empathy trajectories at p <.05 
were allowed entry into the final regression model. 

The regression models included fixed effects of sex, age at tf-fMRI 
scan, the interval in days between participants’ most recent IRI and 
their tf-fMRI scans (IRIn – tf-fMRI), and APOE*E4 carrier status as well as 
random intercepts for each participant. All histograms and P–P plots of 
standardized residuals demonstrated normally distributed error terms 
that indicated the assumptions of regression models were met. Variables 
included in the final models displayed very weak collinearity, with all 
variance inflation factors < 2.0. 

Next, we employed a multivariate mixed-model linear regression to 
determine whether average overall connectivity across all 74 salience 
network node-pairs was higher in the Aβ+ than in the Aβ- group. To 
investigate whether specific node-pairs were driving potential group 
differences, we also conducted a series of regressions to compare the 
average connectivity in node-pairs in the left hemisphere (29 ipsilateral 
node-pairs), right hemisphere (29 ipsilateral node-pairs), and across 
hemispheres (16 contralateral node-pairs). Results were Bonferroni 
corrected (pBONFERRONI < 0.05) for the number of node-pairs within each 
set of analyses. These regression models included random intercepts for 
each participant as well as fixed effects of Aβ status (Aβ+ or Aβ-), sex, 
age at tf-fMRI scan, the interval in days between participants’ tf-fMRI 
and PET scans (tf-fMRI – PET), and APOE*E4 carrier status. 

2.4.3. Structural neuroimaging analyses 
We used CAT12 and SPM12 to conduct whole-brain voxel-based 

morphometry (VBM) analyses (Ashburner and Friston, 2000). We 
compared the Aβ+ and Aβ- groups to assess whether there were overall 
differences in gray matter volume. Nuisance covariates included sex, age 
at MRI scan, APOE*E4 status, and total intracranial volume, which is 
recommended for VBM analyses (Barnes et al., 2010) as it accounts for 
individual differences in head size that can vary with brain volume 
(Barnes et al., 2010; Good et al., 2001; Whitwell et al., 2001). We also 
included the time interval in days between each participant’s MRI and 
PET scan (MRI – PET) as an additional nuisance covariate to account for 
variability between the measurement of Aβ status and the structural 
MRI. 

3. Results 

3.1. Aβ+ and Aβ- participants had similar demographics and comparable 
cognitive functioning at their first empathy assessment 

Aβ+ and Aβ- participants had similar demographic profiles, but there 
was a greater proportion of APOE*E4 carriers, χ2(1) = 7.422, p =.006, n 
= 86, in the Aβ+ group, as would be expected given the known asso-
ciations between APOE*E4 and Aβ deposition (Caselli et al., 2010; 
Schmechel et al., 1993). At the time of the first empathy assessment, the 
groups had similar neuropsychological profiles and mood, with both 
groups performing well in all cognitive domains and reporting minimal 
depressive symptoms (see Table 1). 

3.2. Empathic concern, but not emotional contagion, increased more over 
time in Aβ+ participants than in Aβ- participants despite similar initial 
empathy scores 

Analysis of the emotional empathy scores revealed an Aβ status by 

Fig. 1. Salience network nodes and functional connections of interest. A) 
Functional connectivity in 21 cortical and subcortical salience network nodes 
were used in our analyses. The salience network nodes, and their corresponding 
ROI number, included: left dorsal anterior insula (ROI 1), right dorsal anterior 
insula (ROI 11), left ventral anterior insula (ROI 2), right ventral anterior insula 
(ROI 12), left ventral anterior insula (ROI 3), right ventral anterior insula (ROI 
13), left anterior midcingulate cortex (ROI 4), right anterior midcingulate 
cortex (ROI 14), left pregenual anterior cingulate cortex (ROI 5), right pre-
genual anterior cingulate cortex (ROI 15), left pregenual anterior cingulate 
cortex (ROI 6), right pregenual anterior cingulate cortex (ROI 16), left sub-
genual anterior cingulate cortex (ROI 7), right subgenual anterior cingulate 
cortex (ROI 17), left amygdala (ROI 8), right amygdala (ROI 18), left hypo-
thalamus (ROI 9), right hypothalamus (ROI 19), left thalamus (ROI 10), right 
thalamus (ROI 20), and PAG (ROI 21). ACC, anterior cingulate cortex; aMCC, 
anterior midcingulate cortex; Amy, amygdala; AI, anterior insula; dAI, dorsal 
anterior insula; vAI, ventral anterior insula; Hyp, hypothalamus; PAG, peri-
aqueductal gray; and Thal, thalamus. B) Salience network node-pairs assessed 
in the current study. Both panels adapted with permission from Sturm 
et al. (2018). 
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time interaction on empathic concern, b = 0.002, t(132) = 2.055, p 
=.042, n = 86 (Fig. 2A), but not on emotional contagion, b = -1.569 ×
10-5, t(116) = -0.017, p =.986, n = 86 (Fig. 2B). These findings suggested 
that Aβ+ participants demonstrated greater preclinical increases in 
empathic concern, but not emotional contagion, than Aβ- participants 
(Table 2).The only other significant result in either model was a main 
effect of sex on empathic concern, b = 2.932, t(82) = 3.000, p =.004, n 
= 86, which indicated that women, on average, had greater empathic 
concern than men, consistent with prior studies (Davis, 1980, 1983). 

Follow-up regression analyses were conducted on participants’ first 
emotional empathy scores using the same covariates of non-interest 
(except the IRI – IRI time interval) to determine whether there were 
group differences at their initial assessment. Neither empathic concern, 
b = -2.050, t(80) = -1.734, p =.087, n = 86, nor emotional contagion, b 
= 0.560, t(80) = 0.426, p =.671, n = 86, differed between the Aβ+ and 
Aβ- participants at their first measurement. There was a significant main 
effect of sex such that women had higher empathic concern than men, b 
= 3.576, t(80) = 3.507, p =.001, n = 86. No participants were more than 
three standard deviations (SD) from the mean (M) for either of the 
emotional empathy subscales at their first assessment, suggesting that 
outliers did not have a significant impact on our results. 

3.3. Increasing empathic concern over time related to higher salience 
network connectivity only in Aβ+ participants 

Given that empathic concern increased more over time in the Aβ+
participants than the Aβ- participants, we focused our functional neu-
roimaging analyses on this emotional empathy subtype. Forward- 
selection hierarchical regression models in the Aβ+ participants 
revealed that greater connectivity in three salience network node-pairs 
related to greater preclinical increases in empathic concern: (1) left 
pregenual ACC (ROI 5) and PAG (ROI 21) (final model b = 0.003, final 
model coefficient p =.034, model marginal R2 = 0.414, marginal R2 

change from preliminary model = 0.292, n = 18); (2) right pregenual 
ACC (ROI 16) and PAG (ROI 21) (final model b = 0.004, final model 
coefficient p =.010, marginal R2 = 0.514, marginal R2 change from 
preliminary model = 0.392, n = 18); and (3) left pregenual ACC (ROI 5) 
and right pregenual ACC (ROI 16) (final model b = 0.004, final model 
coefficient p =.018, marginal R2 = 0.472, marginal R2 change from 
preliminary model = 0.350, n = 18) (Fig. 3). 

In the Aβ- participants, in contrast, no salience network node-pairs 
entered the forward-selection hierarchal regression models (all p >.05, 
n = 54), which indicated they did not explain a significant amount of 
variance in this group. 

3.4. Aβ+ participants had elevated salience network connectivity despite 
normal gray matter volume 

Multivariate mixed-model linear regressions showed that Aβ+ par-
ticipants had higher overall mean salience network connectivity (aver-
aged across node-pairs in the two hemispheres) than Aβ- participants, b 
= 0.117, t(66) = 2.460, p =.017, n = 72 (Fig. 4A). In analyses that 
compared mean connectivity in each of the salience network node-pairs, 
Aβ+ participants had higher connectivity than Aβ- participants in two 
node-pairs in particular (pBONFERRONI < 0.05): (1) left amygdala (ROI 8) 
and PAG (ROI 21), b = 0.280, t(66) = 3.760, p = 3.632 × 10-4, n = 72 
and (2) left anterior midcingulate cortex (ROI 4) and right subgenual 
ACC (ROI 17), b = 0.318, t(66) = 3.338, p =.001, n = 72 (Fig. 4B). 

A whole-brain VBM analysis revealed no significant differences be-
tween the Aβ+ and Aβ- groups in gray matter volume (pFWE > 0.05, n =
72). 

4. Discussion 

The present study uncovered divergent empathic concern trajec-
tories in cognitively healthy older adults with and without elevated 
cortical Aβ deposition. The Aβ+ participants demonstrated greater gains 
in empathic concern over time than the Aβ- participants, but the groups 
did not show a similar separation on emotional contagion. Functional 
connectivity neuroimaging analyses examined whether the Aβ+ par-
ticipants with greater preclinical gains in empathic concern had higher 
connectivity in certain salience network hubs than those with less 
change in empathic concern. The neuroimaging measures were acquired 
at the same time or after participants’ last empathy assessment, at which 
time most participants remained cognitively healthy. We found greater 
increases in empathic concern in Aβ+ participants were associated with 
higher connectivity between bilateral pregenual ACC and PAG. On 
average, the Aβ+ participants also had higher salience network con-
nectivity than the Aβ- participants but there were no differences in gray 
matter volume. 

Empathic concern and emotional contagion are forms of emotional 
empathy that allow people to share and experience the emotions of 
others (Davis, 1983; Decety and Jackson, 2004). In a cohort of well- 
screened cognitively healthy older adults, we found Aβ+ participants 
demonstrated greater preclinical gains in empathic concern over time 
than those who were Aβ-. As the participants remained cognitively 
healthy and exhibited no cognitive symptoms during the period in which 
empathy was assessed, our findings suggest that empathic concern in-
creases early in the context of Aβ aggregation. Just as the AD 

Fig. 2. Divergent empathic concern, but not 
emotional contagion, trajectories in Aβ+ and Aβ- 
participants. Multivariate mixed-model linear regres-
sion analyses revealed a significant interaction be-
tween A) Aβ status and time on empathic concern 
trajectories such that Aβ+ participants showed greater 
increases in empathic concern over time than Aβ- 
participants. There was no statistically significant 
interaction between Aβ status and time on partici-
pants’ B) emotional contagion trajectories in the 
respective multivariate mixed-model linear regression 
analysis. The depicted models controlled for addi-
tional fixed effects (Aβ status, time (IRI – IRI interval 
in days), age, sex, the interval between completion of 
participants’ emotional empathy measures and PET 
scans (IRI – PET), and APOE*E4 status), random in-
tercepts for each participant, and random slopes of 
time (IRI – IRI interval). Panels C and D include par-
ticipants’ individual trajectories for their respective 
emotional empathy measures.   
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pathological cascade is a gradual process, with Aβ and tau aggregating 
over years or decades (Jack Jr et al., 2010; Sperling et al., 2011), the 
changes in empathic concern we detected were also subtle, with levels 
climbing slowly over time and were present more in some individuals 
than others. As participants only underwent one PET scan, however, it is 
impossible to determine when an individual became Aβ+ in relation to 
the empathic concern changes. In the Aβ+ participants, however, the 
PET scans were acquired on average 4.0 years after their last IRI mea-
surement (range = 0.5 years before last IRI to 7.2 years after last IRI), at 
which point only two of the Aβ+ participants had converted to MCI (but 
91.3% of Aβ+ participants remained cognitively healthy), which 

suggests the gains in empathic concern that we captured in the years 
prior to these PET scans were preclinical features of an underlying AD 
process. 

In cognitively healthy adults with elevated Aβ burden, changes in 
functional connectivity may precede brain atrophy, and early structural 
and functional brain changes are often subtle (Besson et al., 2015; Khan, 
2018; Sheline and Raichle, 2013). To increase the likelihood of detecting 
associations between preclinical empathic concern changes and salience 
network connectivity, we used participants’ most recent MRI and tf- 
fMRI scans. These scans were obtained on average 1.9 years after the 
last IRI assessment, at which time most (94.4%) of the Aβ+ participants 

Table 2 
Fixed and random effects of multivariate mixed-model linear regression analyses examining the impact of Aβ status on emotional empathy.  

Fixed Effects Empathic Concern Emotional Contagion  

Estimates Confidence Interval p-value Estimates Confidence Interval p-value 

Intercept 19.089 6.880 – 31.298 0.002 11.403 -0.922 – 23.729 0.069 
Aβ Status*Time 0.002 6.795x10-5 – 0.004 0.042 -1.569x10-5 -0.002 – 0.002 0.986 
Aβ Status -2.188 -4.529 – 0.153 0.067 0.428 -2.029 – 2.885 0.730 
Time 3.016x10-4 -0.002 – 0.001 0.644 -0.001 -0.002 – 0.001 0.392 
APOE*E4 Status 0.107 -2.341 – 2.556 0.931 -0.182 -2.644 – 2.281 0.884 
Sex 2.932 0.988 – 4.877 0.004 1.356 -0.602 – 3.314 0.172 
Age 0.087 -0.067 – 0.241 0.265 0.022 -0.133 – 0.178 0.775 
IRI-PET Interval -0.001 -0.002 – 0.001 0.340 0.001 -0.001 – 0.002 0.314  

Random Effects Empathic Concern Emotional Contagion 

σ2 8.64 5.53 
τ Participant 14.16 18.75 
ρ 0.03 -0.47 
ICC 0.64 0.75 
Marginal R2 0.114 0.025 
Conditional R2 0.682 0.760  

Fig. 3. Increasing empathic concern over time related to higher pregenual ACC-PAG and pregenual ACC-ACC connectivity in Aβ+ participants. A) Forward-selection 
hierarchical regression models in Aβ+ participants found greater connectivity between bilateral pregenual ACC and PAG as well as contralateral ACC predicted 
increasing empathic concern over time. Scatterplots are provided to illustrate the association that z-scored empathic concern trajectories have with mean connectivity 
between B) left pregenual ACC and PAG; C) right pregenual ACC and PAG; and D) left pregenual ACC and right pregenual ACC. These analyses controlled for fixed 
effects of age, sex, the interval between participants’ last IRI measure and tf-fMRI scans (IRI – tf-fMRI), and APOE*E4 status as well as random intercepts for each 
participant. ACC, anterior cingulate cortex; aMCC, anterior midcingulate cortex; and PAG, periaqueductal gray. 
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remained cognitively healthy, though one Aβ+ participant had con-
verted to MCI. Within the Aβ+ group, participants who exhibited the 
greatest gains in empathic concern were those with higher connectivity 
between the PAG and bilateral pregenual ACC. Consistent with prior 
studies (Brier et al., 2014; Fredericks et al., 2018), Aβ+ participants also 
had higher average salience network connectivity than Aβ- participants 
at this time despite similar gray matter volume. These salience network 
elevations in the Aβ+ group were primarily driven by heightened con-
nectivity between the left amygdala and PAG as well as the left anterior 
midcingulate cortex and right subgenual ACC. These tightly connected 
salience network structures are critical for producing the coordinated 
autonomic and motor changes that arise during emotions (Bandler et al., 
1991; Devinsky et al., 1995; Gallagher and Chiba, 1996; Hillis, 2014; 
Kim et al., 2020; Singer and Klimecki, 2014; Zaki and Ochsner, 2012), 
and, thus, are critical for empathic concern. 

The present research builds on our prior study that found greater 
emotional contagion in individuals with MCI and AD than in cognitively 
healthy individuals (Sturm et al., 2013b). Whereas emotional contagion 
is a self-focused form of emotional empathy that can be accompanied by 
feelings of personal distress (Hatfield et al., 1993), empathic concern is 
an other-oriented form of emotional empathy that promotes feelings of 
compassion and prosocial actions (Decety and Jackson, 2004; Goetz 
et al., 2010). Both forms of emotional empathy engage autonomic and 
motor mirroring systems that facilitate affect-sharing, but only empathic 
concern requires emotion downregulation, which prevents people from 
being overwhelmed by their own feelings and allows them to orient to 
the needs of others (Roth-Hanania et al., 2011). The present study shows 
that, in people on the AD continuum, empathic concern begins to climb 
even prior to MCI. We speculate that empathic concern may rise very 
early in the AD process when people become more sensitive to affective 
cues but can still regulate their emotions and focus on the needs of 
others. Gains in empathic concern may eventually subside, however, 
and give way to increases in emotional contagion in the symptomatic 
phase of the disease as autonomic, cognitive, or behavioral control 
systems begin to falter. 

Across the AD spectrum, aggregation of Aβ and tau proteins is 
associated with cognitive as well as affective symptoms (e.g., Dor-
aiswamy et al., 2012; Ellis et al., 2013; Lim et al., 2012; Ossenkoppele 
et al., 2016; Petersen et al., 2019). By altering salience network con-
nectivity, early Aβ pathology may make older adults more sensitive to 
affective information. While increased emotional sensitivity may yield 
interpersonal benefits for some people as they become more attuned and 
responsive to the emotions of others, it may also make them more 
vulnerable to negative emotional experiences including depressed mood 
(Donovan et al., 2018; Yasuno et al., 2016), loneliness (Donovan et al., 
2016), and neuroticism (Binette et al., 2021; Fredericks et al., 2018; 
Snitz et al., 2015; Terracciano et al., 2021). The Aβ+ participants in the 
present study did not exhibit significant depressive symptoms during the 

years in which empathy was assessed, however, which suggests our re-
sults were not accounted for by depressive symptoms or low mood. As 
there was variation across Aβ+ participants in the extent to which 
empathic concern increased over time, it is possible that certain salience 
network enhancements, such as heightened connectivity in node-pairs 
that support emotion generation, may predispose some individuals to 
greater changes in emotional empathy than others. 

Prior research on healthy aging paints a mixed picture of the social 
and emotional lives of older adults, and our findings may help to explain 
some of the inconsistent results across studies. While some studies 
indicate healthy elders pay more attention to positive information, 
report greater experience of positive emotions, and invest more in 
emotion regulation goals (Carstensen, 1992) than their younger coun-
terparts (Charles et al., 2003; Mather and Carstensen, 2005; Reed and 
Carstensen, 2012), others suggest more complexity in the emotional 
lives of older adults. Laboratory-based studies have found that, although 
healthy older adults are better than younger adults at using positive 
reappraisal strategies to manage their emotions, they are less able to 
distance themselves from certain negative affective cues (e.g., those that 
elicit sadness and distress) and, thus, are more reactive in some contexts 
(Katzorreck and Kunzmann, 2018; Kunzmann and Gruhn, 2005; Kunz-
mann and Richter, 2009; Lwi et al., 2019; Seider et al., 2011; Shiota and 
Levenson, 2009). Investigations of emotional empathy across the life-
span have also yielded variable conclusions. While some studies have 
found older and younger adults have similar levels of emotional 
empathy on questionnaire measures (Bailey et al., 2008; Phillips et al., 
2002), others have found lower empathic concern in people of more 
advanced age (Chen et al., 2014; O’Brien et al., 2013). In laboratory- 
based studies, however, older adults tend to report and exhibit levels 
of empathic concern, sympathy, and prosocial behavior that are like—or 
even higher than—those of younger adults (Kunzmann and Gruhn, 
2005; Kunzmann and Richter, 2009; Richter and Kunzmann, 2011; Sze 
et al., 2012; Wieck and Kunzmann, 2015). Some of these inconsistent 
results may be due, in part, to the presence of early, undetected AD 
pathology in some of the older participants who were included in 
healthy aging studies of emotional reactivity, emotion regulation, and 
emotional empathy (Brier et al., 2014). Additional research is needed, 
however, to determine whether emotional empathy changes can help to 
differentiate between individuals on typical aging and AD trajectories. 

The present study has several limitations to consider. First, we used 
empathic concern slopes, which were calculated over time, to investi-
gate subsequent salience network connectivity, but the interval of time 
between these measures differed across participants. Multimodal lon-
gitudinal studies that include time-locked measures of emotional 
empathy, salience network connectivity, and molecular pathology are 
needed to map the natural history of emotional empathy and its relation 
to AD pathophysiology. There is some evidence that salience network 
connectivity changes in AD are non-linear—with elevations in the mild 

Fig. 4. Elevated salience network connectivity in Aβ+
participants. A) Relative to Aβ- participants, Aβ+
participants had greater mean overall connectivity 
across all 74 ipsilateral and contralateral salience 
network node-pairs. B) Aβ+ participants had higher 
connectivity than Aβ- participants (pBONFERRONI <

0.05) in two specific salience network node-pairs: (1) 
left amygdala (ROI 8) – PAG (ROI 21) and (2) left 
anterior midcingulate cortex (ROI 4) – right sub-
genual ACC (ROI 17). These analyses controlled for 
fixed effects of age, sex, the interval in days between 
participants’ tf-fMRI and PET scans (tf-fMRI – PET), 
and APOE*E4 status as well as random intercepts for 
each participant. At the time of the neuroimaging 
assessment, one Aβ+ participant (and two Aβ- par-
ticipants) had converted to MCI. ACC, anterior 
cingulate cortex; aMCC, anterior midcingulate cortex; 
Amy, amygdala; and PAG, periaqueductal gray.   
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to moderate clinical stages of disease progression (Balthazar et al., 2014; 
Zhou et al., 2010) that might wane as symptoms become more severe 
(Brier et al., 2012; Schultz et al., 2020)—and emotional empathy may 
also continue to change as the disease progresses. Given that empathic 
concern and emotional contagion rely on different salience network 
hubs (Christov-Moore and Iacoboni, 2016; Singer and Klimecki, 2014; 
Zaki and Ochsner, 2012), longitudinal imaging studies will also be 
needed to delineate how specific network-level changes relate to the 
trajectories of each type of emotional empathy. Additional studies that 
examine whether early AD structural or functional changes in brainstem 
nuclei, such as the locus coeruleus, (Braak and Braak, 1991; Fox et al., 
1996; Hampel et al., 2008) that are associated with the salience 
network, emotional reactivity, and neuropsychiatric symptoms (Ehren-
berg et al., 2018) will also be critical for illuminating the role of 
brainstem structures in affective symptoms across the AD spectrum. 

Second, our measures of emotional empathy were derived from 
informant reports. Although informant reports are a reliable method of 
evaluating personality and empathy (Konrath, 2013; Saroglou et al., 
2005), with substantial convergent validity between self and informant 
reports regarding personality assessments (Connolly et al., 2007; Kim 
et al., 2019; Mõttus et al., 2020; Olino and Klein, 2015), it is possible 
that informant reports may not be as accurate as self-reported measures 
of emotional empathy or that they emphasize observable behavioral 
reactions more than subjective feelings. Most informants in our study 
were spouses of participants, and it is possible that individual differ-
ences in the personality or emotional traits of the informants might have 
influenced their empathy ratings. Future studies of cognitively healthy 
older adults that include self-report measures would help detail whether 
participants’ perceptions of their own emotional empathy are more 
sensitive to underlying neuropathological changes. 

Third, previous studies have established that different PET ligands 
offer convergent Aβ results (Chetelat et al., 2013; Johnson et al., 2013). 
Florbetapir and PIB, the ligands used in the present study, also provide 
measures of Aβ levels that are highly correlated (Landau et al., 2013a; 
Wolk et al., 2012) when established thresholds are used (Landau et al., 
2013b; Villeneuve et al., 2015), making it possible to include partici-
pants that underwent either type of molecular imaging in the same study 
(e.g., Asken et al., 2021). Caution is still warranted when interpreting 
across scans that utilized different types of PET ligands, however. In 
addition, participants in the current study had only one PET scan, 
making it impossible to know when they became Aβ+ in relation to their 
emotional empathy changes. In cognitively healthy older adults, 
neuropathological changes emerge slowly (Chetelat et al., 2013), and 
aggregation of Aβ and tau may have different effects on salience network 
functioning over the disease course (Schultz et al., 2017). Although we 
focused on Aβ, future studies are needed to examine how changes in tau 
also influence salience network functioning in those with early AD 
pathology. 

The present study contributes to a growing body of evidence that 
changes in emotions and empathy, as well as cognition, accompany 
incipient AD pathology. Our results suggest empathic concern increases 
in the very early stages of Aβ aggregation and relates to heightened 
functional connectivity in the salience network, a distributed system 
that guides behavior via its central role in emotions (Seeley et al., 2007; 
Singer et al., 2004). A better understanding of how emotions and 
empathy change in the context of AD pathophysiology will clarify the 
spectrum of alterations that arise early in the disease course and help 
clinicians to identify older adults who should be screened for AD 
biomarkers. 
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