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Researchers typically study physiological responses either after stimulus onset or when the emotional valence of an upcoming stimulus
is revealed. Yet, participants may also respond when they are told that an emotional stimulus is about to be presented even without
knowing its valence. Increased physiological responding during this timemay reflect a ‘preparation for action’. The generation of such
physiological responses may be supported by frontotemporal regions of the brain that are vulnerable to damage in frontotemporal
lobar degeneration.We examined preparatory physiological responses and their structural and functional neural correlate in five fron-
totemporal lobar degeneration clinical subtypes (behavioural variant frontotemporal dementia, n= 67; semantic variant primary pro-
gressive aphasia, n= 35; non-fluent variant primary progressive aphasia, n=30; corticobasal syndrome, n= 32; progressive
supranuclear palsy, n=30). Comparison groups included patients with Alzheimer’s disease (n=56) and healthy controls (n= 35).
Preparatory responses were quantified as cardiac interbeat interval decreases (i.e. heart rate increases) from baseline to an ‘instruction
period’, during which participants were told to watch the upcoming emotional film but not provided the film’s valence. Patients’ be-
havioural symptoms (apathy and disinhibition) were also evaluated via a caregiver-reported measure. Compared to healthy controls
and Alzheimer’s disease, the frontotemporal lobar degeneration group showed significantly smaller preparatory responses. When
comparing each frontotemporal lobar degeneration clinical subtype with healthy controls and Alzheimer’s disease, significant group
differences emerged for behavioural variant frontotemporal dementia and progressive supranuclear palsy. Behavioural analyses re-
vealed that frontotemporal lobar degeneration patients showed greater disinhibition and apathy compared to Alzheimer’s disease pa-
tients. Further, these group differences in disinhibition (but not apathy) were mediated by patients’ smaller preparatory responses.
Voxel-based morphometry and resting-state functional MRI analyses revealed that across patients and healthy controls, smaller pre-
paratory responses were associated with smaller volume and lower functional connectivity in a circuit that included the ventromedial
prefrontal cortex and cortical and subcortical regions of the salience network. Diminished preparatory physiological responding in
frontotemporal lobar degeneration may reflect a lack of preparation for actions that are appropriate for an upcoming situation,
such as approaching or withdrawing from emotional stimuli. The ventromedial prefrontal cortex and salience network are critical
for evaluating stimuli, thinking about the future, triggering peripheral physiological responses, and processing and interpreting intero-
ceptive signals. Damage to these circuits in frontotemporal lobar degeneration may impair preparatory responses and help explain
often-observed clinical symptoms such as disinhibition in these patients.
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Graphical Abstract

Introduction
Increased physiological activity often occurs when some-
thing significant is about to happen, sometimes even when
we have yet to determine the emotional valence of the up-
coming stimulus. For example, our heart rate may increase
when we are about to unbox a gift or try new food without
knowing whether the gift will bring pleasure or the food will
taste bad. Such ‘preparatory physiological responses’ (also
referred to as ‘preparatory responses’) may reflect a general
preparation for action that serves to facilitate the subsequent
behavioural changes that are tied to emotional responses
(e.g. feeling disgusted and displaying withdrawal/expulsion
behaviours associated with spoiled food).

Brain mechanisms for preparatory
responses
Although the precise brainmechanisms underlying these pre-
paratory responses remain undetermined, findings from pre-
vious research suggest that multiple brain regions and
networks may play critical roles in this process (Fig. 1A).
The ventromedial prefrontal cortex (vmPFC) may be in-
volved in evaluating situations and generating predictions
(e.g. based on previous experiences, food could be either re-
warding or punishing).1,2 The vmPFC can also communicate
with the salience network (SN)3—including cortical areas
such as the posterior region of the anterior cingulate cortex
(ACC) and subcortical areas such as the amygdala (Amy),
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hypothalamus (Hyp) and periaqueductal gray (PAG)—re-
sulting in adjustments in the autonomic and somatic nervous
systems (e.g. increased heart rate to support possible ap-
proach or avoidance behaviours).4 The anterior insula (AI)
and thalamus (Thal) in the SN may also be involved by pro-
viding the ACC and vmPFC with information about current
bodily states (e.g. levels of cardiovascular activity, muscle
contraction/relaxation) through proprioceptive and intero-
ceptive feedback.

Preparatory responses in FTLD
Frontotemporal lobar degeneration syndromes (FTLDs)
provide an ideal model for studying the preparatory re-
sponses. FTLD consists of a group of clinically, genetically,
and pathologically related clinical disorders, including be-
havioural variant frontotemporal dementia (bvFTD), se-
mantic variant primary progressive aphasia (svPPA),
non-fluent variant primary progressive aphasia (nfvPPA),
corticobasal syndrome (CBS) and progressive supranuclear
palsy (PSP). In FTLD, neurodegeneration commonly occurs
in frontal and anterior temporal brain regions,5 which over-
lap with the aforementioned brain regions that may be in-
volved in generating preparatory responses. Patients with
FTLD also commonly develop behavioural symptoms such
as apathy and impulsivity/disinhibition,6,7 which could

reflect altered preparatory responses that then contribute
to inappropriate subsequent behaviours (or lack thereof).
For instance, in the example above, patients may have diffi-
culty activating avoidance behaviours to contaminated food
because their heart rate has not increased enough to support
the somatic adjustments needed for such behaviours.

Although preparatory responses have not been studied in
FTLD (nor in healthy adults), numerous studies have demon-
strated diminished physiological responses in patients with
bvFTD either after stimulus onset or when the emotional va-
lence of an upcoming stimulus are revealed. Compared to
healthy controls (HCs), patients with bvFTD have shown di-
minished physiological responses to disgust-eliciting films8

andunpleasant smells.9Orienting responses to emotional stim-
uli,10–12 which are typically characterized by decreased heart
rate, are also diminished in bvFTD.13 Patients with bvFTD
also showed smaller skin conductance responses when they
were told that an unpleasant smell would be delivered in
15 s. Importantly, these impairments have been associated
with structural degeneration in the vmPFC and SN.14–16

The present study
The present study examines preparatory responses in FTLD.
We quantified preparatory responses as decreases in cardiac
inter-beat intervals (IBIs; or increases in heart rate) from a
pre-trial baseline period to an instruction period when parti-
cipants were told that they would be watching a film clip but
had not yet been provided information about the emotional
valence. We focused on changes in IBI because they serve an
essential role in providingmetabolic support for somaticmo-
tor activities17 that are important for subsequent coping be-
haviours. Changes in IBI also happen more rapidly than
changes in other physiological measures (e.g. electrodermal
responses and skin temperature),18 allowing us to observe
preparatory responses that could be very transient before
the stimulus onset. We also quantified orienting responses
as IBI changes from the instruction period to the first 6 s of
the film clip. This enabled us to determine whether these
two different responses were similarly affected across diag-
nostic groups and whether they are associated with different
neural correlates. To determinewhether diminished prepara-
tory responses helped explain often-observed clinical symp-
toms in FTLD, patients’ behavioural symptoms of apathy
and disinhibition6,7 were assessed using the neuropsychiatric
inventory (NPI).19

We made three hypotheses. First, because FTLD targets
frontal and temporal regions of the brain (particularly the
vmPFC and SN in bvFTD),5 we hypothesized that FTLD as
a group would have impaired preparatory responses com-
pared to HC and Alzheimer’s disease, which is characterized
by different patterns of neurodegeneration and clinical
symptoms,20,21 and that this impairment would be strongest
in bvFTD. Second, we hypothesized that FTLD would ex-
hibit greater behavioural symptoms than Alzheimer’s dis-
ease6,7 and that these group differences would be mediated
by greater impairments in preparatory responses in FTLD.

Figure 1 A brain circuit for preparatory physiological
responses. (A) A hypothesized circuit. The dashed black box
represents the entire circuit. The five solid black boxes represent
cortical and subcortical regions involved in this process. The back
arrows represent signal flows. (B) Functional connectivity results.
The blue font by the yellow lines indicates the correlation
coefficients between each node-to-node connectivity (e.g. AI–
ACC, AI–vmPFC) and preparatory physiological responses; the
blue line indicates the correlation coefficient between preparatory
physiological responses and the vmPFC–SN circuit’s overall
functional connectivity. Note that prior to data analyses,
connectivity between the three subcortical efferent regions (i.e.
Amy, Hyp, PAG) and ACC were averaged together. In addition,
connectivity between and within each hemisphere were also
averaged for each pair of brain regions (nodes) of interests. ϮP,
0.10; *P, 0.05; **P, 0.01; ***P, 0.001.
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Third, consistent with the neural circuitry described above
(Fig. 1A), we hypothesized that greater impairment in pre-
paratory responses would be associated with smaller gray
matter volume and lower resting functional connectivity
within the vmPFC and regions of the SN (e.g. vmPFC–
ACC, AI–ACC).

Materials and methods
Participants
Participants included 276 patients (76 bvFTD, 38 svPPA, 31
nfvPPA, 36 CBS, 33 PSP and 62 Alzheimer’s disease) and 38
HCs. All patients were recruited from the Memory and
Aging Centre (MAC) at the University of California,
San Francisco (UCSF) between 2006 and 2016 in a collab-
orative research project between the MAC and the
Berkeley Psychophysiology Laboratory at the University of
California, Berkeley (UCB). At UCSF, patient diagnoses
were determined by a multidisciplinary team that consisted
of neurologists, nurses, clinical psychologists and neuros-
cientists (by reviewing clinical interviews and patients’
neurological, neuropsychological, neuroimaging testing
data) using current research criteria for bvFTD,22 svPPA,
nfvPPA,23 CBS,24 PSP25,26 and Alzheimer’s disease.20 HCs
without a history of neurological or psychiatric disorders
were recruited from the community via advertisements.

Procedure
All participants first visited UCSF, where they underwent
detailed clinical interviews (with their caregivers), neuro-
logical examination, functional assessment, neuropsycho-
logical evaluation, structural MRI and resting-state
functional MRI (rs-fMRI). Following this UCSF visit (4
months for patients and 12 months for HCs), participants
visited UCB for a comprehensive assessment of emotional
functioning.27 Informed consent was obtained upon arrival
at both sites. Procedures were approved by the UCSF and
UCB Institutional Review Boards.

The present study focused on a film-viewing task, which
was the first task in the UCB assessment. Before the task,
non-invasive physiological sensors were applied to the parti-
cipants. The task consisted of three trials. Participants were
informed that they would be watching several short films.
Each trial began with a 60 s baseline period that started
with participants being asked to watch an ‘X’ on the centre
of the screen (Fig. 2A). Next, there was a six-second instruc-
tion period during which the screen displayed: ‘Please watch
the film. Say stop if you need the film stopped.’ After the in-
struction period, there was a film period (86–106 s) in which
participants watched a film selected to induce amusement
(trial 1), sadness (trial 2) and disgust (trial 3).8,28,29 The or-
der of the films was fixed across participants. For additional
details about the procedure, see Supplementary Procedure.

Later in the UCB assessment, participants also completed
an acoustic startle task, where they sat for a 60 s baseline and
heard a brief (100-ms) and loud (115-dB) burst of white
noise without warning. Our previous research30 has demon-
strated that this task produces marked physiological re-
sponses in HCs and patients with FTLD and Alzheimer’s
disease. In the present study, IBI change in response to this
simple, loud sensory stimulus was included as a covariate
to adjust for individual differences in overall physiological
responding.

Physiological measures
Data acquisition and processing
Physiological data including electrocardiogram (ECG) and
other physiological measures (e.g. electrodermal, somatic,
respiration; data not presented here) were obtained using a
BIOPACMP150 system. For ECG, Beckman miniature elec-
trodes with Redux paste were placed on opposite sides of the
participant’s chest, which were connected to a BIOPAC
ECG10C amplifier, and a computer with analog-to-digital
capability that sampled the signal at 300 Hz. Using a pro-
grammewritten by R.W.L., IBI was calculated as the interval
between successive R-waves and then averaged every second.
Trained research assistants examined the second-by-second
data to identify and remove artefacts. Among the 314 parti-
cipants enrolled in this study, 29 were excluded from ana-
lyses due to poor data quality (e.g. excessive movement
artefact; Supplementary PhysiologicalMethods describes de-
tails about data exclusion). The remaining 285 participants
included 67 bvFTD, 35 svPPA, 30 nfvPPA, 32 CBS, 30
PSP, 56 Alzheimer’s disease and 35 HC. Table 1 shows their
sociodemographic and functional characteristics.

Preparatory physiological responses
Preparatory responses were quantified as the change in the
averaged IBI of the last three seconds of the baseline period
and seconds 4–6 of the instruction period (Fig. 2B; time win-
dows W2–W1). Decreased IBI values correspond to in-
creased heart rate, representing greater preparatory
responses. The first three seconds of the instruction period
were not included because preparatory responses may still
be building at this time (Fig. 2B). In preliminary analyses, a
repeated-measures analysis of variance (ANOVA) (3 trials
× 7 diagnostic groups) did not reveal any significant effects
for trial order [F(2, 556)= 0.90, P= 0.41] or trial× diagnos-
tic group interactions [F(12, 556)= 1.26, P= 0.24].
Therefore, responses from all trials were averaged.

Orienting responses
Preliminary analyses revealed an IBI increase in comparison
groups (i.e. Alzheimer’s disease and HC) that generally
started at the onset of the film and peaked approximately
four to six seconds after film onset. Therefore, orienting re-
sponses were quantified as changes in average IBI from the
last 3 s of the instruction period to seconds 4–6 of the film
period (Fig. 2B; timewindowsW3–W2). Increased IBI values
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correspond to decreased heart rate, representing greater or-
ienting responses. Like preparatory responses, the first 3 s
of the film were not included in the analyses because orient-
ing responses were still building during this time. Responses
from all trials were averaged.

Functional measures
Dementia severity

The Clinical Dementia Rating (CDR)31 Scale assessed de-
mentia severity. CDR total score (CDR-Total; 0= normal,

Figure 2 Task procedures and the quantification of preparatory and orienting physiological responses across diagnostic
groups. (A) Task procedure. The film watching task consisted of three trials. In each trial, participants sat for a 60 s baseline period and then were
presented with instructions for 6 s, which informed them the film was about to start. Immediately following the instructions, participants watched
a film clip that lasted between 87 and 106 s. (B) Averaged time series of cardiac IBIs across all three film trials for the seven diagnostic groups.
Preparatory physiological responses were quantified as IBI change from the last 3 s of the rest period to the last 3 s of the instruction period (i.e.
periods B-A). Orienting responses were quantified as IBI changes from the last 3 s of the instruction period to the second 3 s of the film period (i.e.
period C-B). (C)-(D) Averaged preparatory and orienting responses by diagnostic group,Mean+ 95% confidence intervals. Annotations indicate
significant or trending effects as compared to the two comparison groups (i.e. Alzheimer’s disease and HC) revealed by ANOVA and post hoc
comparisons. ϮP, 0.10; *P, 0.05; **P, 0.01; ***P, 0.001.
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0.5= very mild dementia; 1=mild dementia, 2=moderate
dementia, 3= severe dementia) and the sum of boxes score
(CDR-Box; range: 0 to 18, with higher values indicating
greater severity) were used. Using the same approach as pre-
vious studies,32,33 CDR-Total was used to determine partici-
pants’ eligibility to be included in functional connectivity
analyses (i.e. participants with CDR .1 were ineligible due
to severe loss of brain tissue). CDR-Box was added as a cov-
ariate because higher scores typically correlate with greater
severity of neurodegeneration.34

Cognitive functioning
The Mini-Mental State Exam (MMSE)35 was used to assess
global cognitive functioning. MMSE scores range from 0 to
30, with higher values indicating greater cognitive function-
ing. Scores were added as a covariate to ensure our findings
did not simply reflect patients’ cognitive impairment.

Overall physiological responding
Overall physiological responding was quantified as changes
in average IBI from the last three seconds of a baseline period
to the first 6 s after the presentation of the loud noise in the
acoustic startle task. We chose this 6 s time window because
our preliminary analysis revealed an overall IBI decrease (or
heart rate increase) during this period (Table 1 and
Supplementary Fig. 1). IBI change scores were inverted so
higher values corresponded to larger responses to the loud
noise. We used this as a covariate to ensure any preparatory
response findings did not simply reflect changes in overall
physiological responding.

Apathy and disinhibition
The NPI was administered by conducting a semi-structured
interview with each patient’s caregiver. The NPI included
12 neuropsychiatric symptoms that are frequently seen in
neurodegenerative disorders.7,19 The present study focused
on apathy and disinhibition—the two symptoms that are
the most prominent in FTLD.6,7 Higher scores reflected
more frequent or severe symptoms.

Neuroimaging measures
Data acquisition and preprocessing
We obtained structural MRI data using 1.5 T (n= 9), 3 T (n
= 176) or 4 T (n= 37) research-quality scanners for 222 par-
ticipants (43 bvFTD, 30 svPPA, 27 nfvPPA, 31 CBS, 28 PSP,
43 Alzheimer’s disease and 20 HC). MRIs were visually in-
spected for scan quality (e.g. no motion or metal artefact).
We utilized statistical parametric mapping version 12
(SPM12) default parameters for preprocessing structural
MRI data (for details, see Supplementary Neuroimaging
Methods). We also characterized the areas of neurodegen-
eration for each patient group by examining structural dif-
ferences in gray matter maps between each patient group
andHC. These results are presented in Supplementary Fig. 2.

Task-free functional MRI images were also obtained in a
subsample of 117 participants (17 bvFTD, 14 svPPA, 19

nfvPPA, 17 PSP, 22 CBS, 20 Alzheimer’s disease and 8
HC) who were scanned on the 3 T scanner. Participants
were instructed to relax with their eyes closed for 8 min.
rs-fMRI data were preprocessed using SPM12.Node-pair in-
trinsic connectivity analysis36,37 was applied to identify the
functional connectivity between our hypothesized brain re-
gions that support preparatory responses. Within each par-
ticipant, pairwise correlation coefficients were calculated
between a set of cortical and subcortical regions-of-interest
(ROIs), including the vmPFC, ACC, Amy, Hyp, PAG, Thal
and AI. MARSBAR was used to create spherical ROIs
centred on Montreal Neurological Institute (MNI) coordi-
nates based on previous studies.38–40 Supplementary
Neuroimaging Methods describes parameters for data pre-
processing including MNI coordinates for ROIs. To test
our hypothesized neural circuit, we calculated regional sum-
mary scores by averaging each participant’s correlation coef-
ficients (within and between hemispheres) within the
following pairs of nodes: (i) vmPFC and ACC, (ii) ACC
and all subcortical regions combined—including the Amy,
Hyp and PAG, (iii) Thal and AI, and (iv) AI and ACC and
(v) AI and vmPFC. For each participant, we averaged these
five correlation coefficients to obtain an overall index of
functional connectivity for our hypothesized circuit.

Statistical analysis
To test Hypothesis 1, we performed a one-way ANOVA to
determine diagnostic group differences in preparatory re-
sponses. To compare, we performed the same analysis for or-
ienting responses. To ensure our findings were robust, we
repeated these analyses using ANCOVAs and included cov-
ariates that significantly differed between diagnostic groups
(i.e. age, gender, dementia severity [CDR-Box], and cogni-
tive functioning [MMSE]; Table 1). Significant group effects
were followed by two-tailed post hoc comparisons using the
Bonferroni method to correct for multiple comparisons.

To test Hypothesis 2, we first performed bivariate correla-
tions (two-tailed) to evaluate the associations between pre-
paratory/orienting responses and apathy and disinhibition
scores. We next performed independent-sample t-tests to de-
termine whether the previously reported group differences in
apathy and disinhibition between FTLD and AD6,7 would be
observed in our sample. We then conducted two mediation
analyses (using SPSS PROCESS 3.4.1 default parameters)41

to test whether group differences (FTLD= 1 versus
Alzheimer’s disease= 0) in disinhibition and/or apathy
were mediated by levels of preparatory/orienting responses.
To ensure findings were robust, we repeated these analyses
and included overall physiological responding (i.e. IBI
changes in response to the acoustic startle stimulus), which
significantly correlated with preparatory responses
(Supplementary Table 1).

To test Hypothesis 3, whole-brain voxel-based morphom-
etry (VBM) analyses were performed, using a multivariate
linear regression to examine areas of smaller volume asso-
ciated with smaller preparatory/orienting responses. We
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examined statistical maps and reported findings at PFWE ,

0.05. The minimum cluster size reported was 350 mm3.
We ran 5000 permutation analyses to derive a study-specific
error distribution42 using vlsm243 (see Supplementary
Neuroimaging Data Analysis for more details). Analyses
were adjusted for six diagnostic dummy variables (1= pa-
tient diagnosis of interest; 0= remaining groups) to ensure
that our findings did not simply reflect diagnostic differences,
two dummy variables for three different scanner types, total
intracranial volume (TIV; to account for head size) and two
functional covariates that significantly correlated with pre-
paratory responses (i.e. dementia severity and overall physio-
logical responding; Supplementary Table 1). For functional
connectivity analyses, bivariate correlations and linear re-
gressions were performed to examine the associations be-
tween preparatory/orienting responses and overall and
node-pair connectivity. All analyses were adjusted for six
diagnostic dummy variables and two covariates that signifi-
cantly correlated with preparatory responses (i.e. age and
overall physiological responding; Supplementary Table 1).
We also performed analyses without adjusting for these cov-
ariates and present these results in Supplementary Table 2.

For all analyses, effects with P, 0.05 were considered
statistically significant.

Data availability
Study data are available upon request from the correspond-
ing author. The data are not publicly available due to their
containing information that could compromise the privacy
of research participants.

Results
Diagnostic group differences
Preparatory physiological response
When comparing FTLD (all syndromes combined),
Alzheimer’s disease and HC, an ANOVA revealed a group
effect, F(2, 282) 11.80, P,0.001, Fig. 2C. Pair-wise post
hoc comparisons indicated that the FTLD group had smaller
preparatory responses (i.e. less pronounced IBI decreases or
heart rate increases) than Alzheimer’s disease (P,0.001)
and HC (P= 0.002). No significant group differences
emerged between HC and Alzheimer’s disease. When com-
paring each of the five FTLD syndromes to HC and
Alzheimer’s disease, an ANOVA revealed syndrome group
effects, F(6, 278)= 5.17, P, 0.001. Post hoc comparisons
between each FTLD syndrome and Alzheimer’s disease or
HC (total n of comparisons= 10; Bonferonni corrected) in-
dicated smaller preparatory responses in bvFTD than in
Alzheimer’s disease and HC (Ps,0.001). PSP also had smal-
ler responses than Alzheimer’s disease (P= 0.036). No other
statistically significant comparisons emerged between FTLD
syndromes and comparison groups.

Additional analyses were performed to examine the ro-
bustness of the findings above. To ensure these effects were
not driven by demographic or functional differences between
diagnostic groups, we repeated the analyses above with vari-
ables that significantly differed between groups as covariates.
To ensure our findings from analyzing averaged IBI during
seconds 4–6 of the instruction period were robust, we re-
peated our analyses using averaged IBI during the entire six
seconds of the instruction period. To ensure our findings
were not biased by increased knowledge about the task after
the first trial, we repeated the above ANOVAs while re-
placing the averaged preparatory responses across all three
trials with preparatory responses from only the first trial.
To ensure our effects were not driven by participants’
incorrect belief that the films would all be negatively
valenced, we analysed preparatory responses in the second
trial only, which took place after participants watched the
first trial’s amusement film (and thus realized the films could
also be positive). These tests of robustness supported the
group effects reported above (Ps ,0.05; Supplementary
Figs. 3 and 4).

Orienting response
ANOVAs did not reveal any group differences between
FTLD, Alzheimer’s disease and HC, F(2, 272)=1.22, P=
0.30, or between each FTLD syndrome, Alzheimer’s disease
and HC, F(6, 278)= 1.67, P= 0.13, Fig. 2D.

Mediation effects
Preparatory physiological response
Prior to data analyses, we inverted preparatory response
scores, so that higher values corresponded to greater re-
sponses. Correlation analyses revealed an association be-
tween lower preparatory responses and greater
disinhibition (r=−0.18, P= 0.004). A t-test revealed
FTLD displayed more disinhibition than Alzheimer’s dis-
ease, t(1, 239)= 4.92, P, 0.001, Cohen’s d= 0.85.
Mediation analyses revealed that this group difference was
mediated by lower preparatory responses (standardized in-
direct effect= 0.07, 95% CI [0.0030, 0.1591], accounting
for 9.11% of the total effect) (Fig. 3). The mediation effect

Figure 3 Results of mediation analysis. Preparatory
physiological responses as a mediator for the effects of greater
disinhibition in FTLD (versus Alzheimer’s disease). Standardized
indirect effect= 0.07, 95% CI [0.0030, 0.1591], accounting for
9.11% of the total effect.
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remained marginally significant when the analyses adjusted
for overall physiological responding (standardized indirect
effect= 0.06, 90% CI [0.0010, 0.1331], accounting for
8.15% of the total effect, Supplementary Fig. 5).

Correlation analyses also revealed an association between
lower preparatory responses and greater apathy (r= -0.13,
P= 0.048). In addition, apathy was also greater in FTLD
than Alzheimer’s disease, t(1, 239)= 2.92, P= 0.004, Cohen’s
d= 0.47. However, this group difference was not significantly
mediated by preparatory responses (Supplementary Fig. 6).

Orienting response
Larger orienting responses were correlated with greater
apathy (r= 0.18, P= 0.004) but not disinhibition (r= 0.09,
P= 0.18). No mediation effects emerged for orienting re-
sponses (Supplementary Fig. 7).

Structural neural correlates
Preparatory physiological responses
A whole-brain VBM analysis revealed that smaller prepara-
tory responses were associated with smaller gray matter vol-
ume in three large clusters (Table 2, Fig. 4): vmPFC,
extending to the anterior ACC and bilateral caudate; right
AI, extending to the right superior temporal pole, right ro-
landic operculum and Heschl’s gyrus; and left ventral AI, ex-
tending to the left inferior orbital frontal gyrus and left
superior temporal pole.

Orienting response
No neural correlates emerged for orienting responses.

Functional connectivity neural
correlates
Preparatory physiological responses
Correlation analyses revealed that smaller preparatory re-
sponses were associated with weaker connectivity between
(i) the vmPFC and ACC (r= 0.22, P= 0.022); (ii) ACC and
subcortical SN regions (r= 0.21, P= 0.032); and (iii) AI
and ACC (r= 0.29, P= 0.002). We also observed an associ-
ation between smaller preparatory responses and weaker
overall connectivity within the vmPFC-SN circuit (r= 0.30,
P= 0.001; Fig. 1B and Supplementary Table 2).

To ensure these findings were specific to our hypothesized
vmPFC-SN circuit, we included a ‘control’ brain network—
the sensorimotor network (SMN; Supplementary
Neuroimaging Data Preprocessing describes methods for
computing SMN’s overall connectivity). A correlation ana-
lysis did not reveal a relationship between preparatory re-
sponses and SMN connectivity (r= 0.05, P= 0.576; also
see Supplementary Table 2). A linear regression including
both the vmPFC-SN and SMN overall connectivity in the
same model revealed that only the vmPFC-SN’s connectivity
predicted levels of preparatory responses (β= 0.33, P=
0.001; Table 3, model 1).

Next, within our hypothesized vmPFC-SN circuit, we de-
termined which pair(s) of node-to-node connectivity were
specifically critical for preparatory responses. When the
SMN overall connectivity was adjusted, a linear regression
with all five node-pairs entered (Table 3, model 2) revealed
an association between lower AI–ACC connectivity and
smaller preparatory responses (β= 0.23, P= 0.043). No
other significant effects were found.

Orienting response
We performed the same correlation and linear regression
analyses for orienting responses but did not find any signifi-
cant effects (Supplementary Table 2 and Table 3).

Discussion
We found that FTLD, specifically bvFTD, exhibited smaller
preparatory responses than Alzheimer’s disease and HCs.
We also observed similar but somewhat weaker effects for
PSP. No group differences were found for CBS, svPPA or
nfvPPA when compared to Alzheimer’s disease and HCs.
Mediation analyses revealed that smaller preparatory re-
sponses mediated the effect of greater disinhibition (but
not apathy) in FTLD but not in Alzheimer’s disease.
Findings from both structural neuroimaging and functional
connectivity analyses suggest that preparatory responses
may be served by a neural circuit involving the vmPFC and
the SN. Smaller gray matter volumes and lower functional
connectivity within this circuit (particularly between the AI
and ACC) were both associated with smaller preparatory re-
sponses. We also examined orienting responses but did not
find any group differences, mediation effects or neural
correlates.

Table 2 Structural neural correlates of preparatory
physiological responses

Anatomical
region

Volume
mm3 x y z

Max
T

Corrected
P

Left vmPFC 10 969 −−−−−4 24 −−−−−9 4.67 0.0056
Right vmPFC a
Bilateral caudate a
Bilateral anterior
ACC

a

Right AI 7607 44 10 −−−−−12 4.31 0.0108
Right superior
temporal pole

a

Right rolandic
operculum

a

Right Heschl’s gyrus a
Left ventral AI 3213 −−−−−36 20 −−−−−8 3.88 0.0284
Left inferior orbital
frontal gyrus

a

Left superior
temporal pole

a

Analyses adjusting for six diagnostic variables, scanner type, TIV, overall physiological
responding (IBI change in response to a loud white noise) and disease severity
(CDR-Box). Results considered significant at PFWE , 0.05.
aSignifies that these regions were included in the cluster above.
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Diminished preparatory physiological
responses in FTLD
Diagnostic group differences
Supporting our first hypothesis, FTLD as a group was asso-
ciated with an impairment in preparatory responses, with
findings being most significant for bvFTD and PSP groups.
Our hypothesis that all FTLD syndromeswould demonstrate
impairment was not supported, although preparatory re-
sponses in svPPA and CBS were in the hypothesized direc-
tion. These physiological findings parallel recent studies
reporting different degrees of behavioural changes in differ-
ent FTLD syndromes. Importantly, across studies, bvFTD is
typically found to show the greatest impairment, followed by
svPPA, PSP or CBS; nfvPPA typically shows the least impair-
ment compared to the other FTLD syndromes.6,44–46 Taken
together, these findings expand upon the FTLD literature by
providing further evidence of a spectrum of impairment in
physiological and behavioural functioning across FTLD
syndromes.6,44,45

Supporting our second hypothesis, preparatory response
impairments mediated the effect of greater disinhibition in

FTLD as compared to Alzheimer’s disease. The activation
of the automatic nervous system (ANS), and the cardiovascu-
lar system in particular supports changes in muscle activity
that are critically involved in behavioural adjustments (e.g.
fighting, fleeing, freezing, approaching).17,47 In FTLD, re-
duced ANS activation before a stimulus onsets may hinder
the subsequent behavioural adjustments needed to address
positive and negative emotional challenges. Therefore, pa-
tients may be less prepared physiologically to mount subse-
quent withdrawal behaviours when negative stimuli make
them feel distressed,48 mount subsequent approach beha-
viours when positive stimuli make them feel pleasant or in-
hibit initial responses that are inappropriate to the current
situation.6,49 Interestingly, we did not find similar mediation
effects on apathy. We suspect this may be due to the smaller
group differences in apathy (Cohen’s d= 0.47) than disin-
hibition (Cohen’s d= 0.85). In addition, the NPI apathy
score only reflected the overall severity of apathetic beha-
viours. Future studies are needed to systematically investi-
gate the specific aspects of apathy (e.g. loss of interest in
activities versus low motivation) that are affected by im-
paired preparatory responses.

Figure 4 Results of full-brain voxel-basedmorphometry analyses. T-score map of brain areas for which smaller gray matter volume was
associated with smaller preparatory physiological responses after adjusting for diagnostic group, scanner type (two scanner type variables), TIV,
overall physiological functioning and disease severity (CDR-Box). Three large clusters emerged in the (A) bilateral vmPFC and caudate; (B) right
AI, right superior temporal pole, right Rolandic operculum and right Heschl’s gyrus; and (C) in the left ventral AI, left orbitofrontal frontal gyrus,
and left superior temporal pole (PFWE, 0.05).
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Our findings let us reject several alternative hypotheses
concerning preparatory responses. The first alternative hy-
pothesis was that our results simply reflected patients’ in-
attention or lack of orientation to the computer monitor
during the instruction period. This hypothesis is unlikely be-
cause orienting responses to external stimuli are associated
with a rapid increase in IBI.12,50 During the instruction per-
iod of our study, the comparison groups exhibited decreased
IBI, indicating preparatory responses, rather than the in-
creased IBI that would have been consistent with the orient-
ing response. Notably, bvFTD patients did show IBI changes
consistent with the orienting responses (i.e. increased IBI)
during the film period. This suggests that their ability to ori-
ent remained intact. A second alternative hypothesis is that
our findings may reflect a general lowering of ANS function-
ing associated with older age or FTLD.51,52 However, we did
not find significant group differences in patients’ overall
physiological responding (which is consistent with the litera-
ture30,53 indicating that physiological responding to simple
stimuli remains relatively intact in early stage of FTLD).
Importantly, our main findings remained robust after adjust-
ing for individual differences in age and overall physiological
responses. These findings together undercut the likelihood of
these alternative hypotheses accounting for our findings.

Neural correlates
The neuroimaging findings support our hypothesis that pre-
paratory responses would be influenced by a circuit that in-
volves the vmPFC and the SN. First, we found that smaller
preparatory responses were associated with smaller gray

matter volumes in the bilateral vmPFC and weaker connect-
ivity between the vmPFC and the ACC. In the current experi-
mental context, we believe the vmPFC is involved in stimulus
evaluation (based on past experiences, social norms, etc.)
and generating predictions for the future, particularly during
uncertainty.2,54,55 The vmPFC is strongly connected to the
ACC—a cortical area critical for response preparation, initi-
ation andmonitoring—including controlling the ANS via ac-
tivating subcortical regions such as the PAG, which is critical
for the propagation and modulation of sympathetic nervous
system and parasympathetic nervous system activities.56–58

Co-activation of the vmPFC and ACC is often found in
decision-making tasks that involve anticipation with uncer-
tainty.59,60 In our study, smaller vmPFC volumes may
make patients less attentive to the cues indicating that a
film will start soon (e.g. instructions ‘Please watch the
film’). It may also impair patients’ ability to retrieve semantic
knowledge or similar memories from the past (e.g. from
prior trials) and compare them with the current situation
to predict the salience of upcoming emotional stimuli. The
loss of functional connectivity between the vmPFC and
ACCmay lead to the ACC receiving partial or inappropriate
signals from the vmPFC, leading to reduced ANS activation
that can compromise preparation for coping with the up-
coming emotional stimulus.

Second, we found smaller preparatory responses were as-
sociated with smaller gray matter volumes in the bilateral AI
and weaker functional connectivity between AI and ACC—
above and beyond all other node pairs examined in this
study. The AI receives interoceptive signals from the body

Table 3 Functional connectivity (linear regression model 1: overall connectivity; model 2: node-pair connectivity)
correlates of preparatory physiological responses

Preparatory Physiological responses Orienting responses

Model 1 Model 2 Model 1 Model 2

Beta P Beta P Beta P Beta P

Diagnostic covariates
bvFTD −0.02 0.906 −0.01 0.961 0.30 0.061 0.31 0.052
svPPA −0.04 0.791 −0.01 0.926 0.06 0.667 0.06 0.717
nfvPPA 0.09 0.553 0.11 0.460 0.07 0.658 0.06 0.732
CBS 0.04 0.818 0.05 0.771 0.02 0.889 −0.01 0.945
PSP 0.03 0.816 0.04 0.793 0.00 0.980 −0.03 0.842
Alzheimer’s disease 0.17 0.255 0.18 0.231 0.00 0.999 −0.02 0.893

Demographic and functional covariates
Age −0.18 0.048 −0.20 0.034 −0.14 0.150 −0.13 0.200
Overall physiological responding 0.29 0.001 0.31 0.001 −0.12 0.201 −0.13 0.195

Functional networks
SMN −0.09 0.368 −0.14 0.195 −0.09 0.400 −0.07 0.541
vmPFC–SN 0.33 0.001 0.06 0.610
vmPFC–ACC 0.15 0.152 0.00 0.979
ACC–Amy/Hyp/PAG 0.08 0.454 0.04 0.726
Thal–AI −0.04 0.713 0.05 0.674
AI–ACC 0.23 0.043 0.06 0.659
AI–vmPFC 0.06 0.594 −0.10 0.401

For preparatory physiological responses, higher values indicate larger responses (i.e. greater IBI decrease). For functional networks, analyses included our hypothesized vmPFC-SN
circuit and a control SMN network. Italic font indicates node–pair connectivity within the vmPFC-SN network. Bolded font indicates significant effects at the threshold of P, 0.05.
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—including those reflecting cardiac activity—via relays in
the Thal and posterior insula.61 It has been argued that the
AI integrates such interoceptive signals with input from
other brain regions, interprets the meaning of these signals,
and generates representation into conscious awareness.
The outputs of AI go to the ACC for simultaneous monitor-
ing of current responses, detection of errors and preparation
for future actions including changes in the ANS.57,62,63

Co-activation of AI and ACC has often been noted in studies
with emotional tasks.64,65 In our study, the AI-ACC connec-
tion may be particularly important during physiological
preparation. Input from the AI (and vmPFC) may enable
the ACC to compute the predicted requirements of the
body (i.e. homeostatic and coping behaviour needs) relative
to its current status, which in turn can activate or deactivate
the ANS.66 In FTLD, declines in the AI structure and its con-
nectivity to the ACC may result in partial and inaccurate in-
teroceptive information to the ACC, leading the ACC to
underestimate the amount of ANS changes needed for the
body to prepare for upcoming emotional stimuli.

Third, functional connectivity analyses also revealed that
weaker overall connectivity among nodes in the
vmPFC-SN circuit was associated with smaller preparatory
responses. This relationship was not found between prepara-
tory responses and the SMN, which underscores the specific
contribution of the vmPFC–SN circuit to preparatory re-
sponding. Interestingly, several nodes in the functional con-
nectivity analyses (e.g. posterior ACC) did not emerge in our
VBM analyses. In neurodegenerative diseases like FTLD,
functional decline of brain tissue typically precedes perman-
ent structural loss.67,68 Additionally, disproportionate pro-
gression in gray matter tissue (e.g. ACC) versus white
matter tract loss (e.g. AI to ACC) may also occur, especially
in CBS and PSP.69 Thus, differences between our structural
and functional findings may reflect the pathological com-
plexity in neurodegenerative diseases, highlighting the need
for deploying a multi-imaging-method approach in research
and clinical practice.

The VBM analyses also revealed that smaller preparatory
responses were associated with smaller volumes in the anter-
ior temporal lobe and dorsal striatum (i.e. caudate). The an-
terior temporal lobe is strongly involved in social cognition
including processing social concepts.70–72 In our study, pa-
tients with volume loss to this region may have encountered
difficulties in accessing the meanings of the social context
(i.e. participating in a study of emotion and being asked to
watch films). Such information may be necessary for the
vmPFC to predict the salience level of the upcoming emo-
tional stimuli. The dorsal striatum implements motor plan-
ning73,74; thus, volume loss to this region may impair
patients’ ability to strategize the sequence of motor actions
needed for the next moment and the amount of ANS changes
required for these actions. Importantly, both the anterior
temporal lobe and dorsal striatum have strong connections
to the vmPFC to form a ‘semantic appraisal network’ (along
with other brain regions such as the orbital gyrus).33

Therefore, our VBM findings raise the possibility that, in

addition to our hypothesized vmPFC-SN circuit, other brain
regions/networks might also contribute to diminished pre-
paratory responding. Interestingly, past research has often
reported the ventral striatum and Amy as being involved in
the anticipation of positive and negative emotional stimuli,
respectively. Nevertheless, our VBM analyses did not reveal
any significant effects in these regions. While there are many
factors that might account for these non-significant findings,
including study design (e.g. monetary rewards versus emo-
tional films), patient disease severity (i.e. structural declines
in these regions may occur in later disease stages) and statis-
tical thresholds, these findings also indicate that generating
preparatory responses may not require evaluating the va-
lence of an upcoming emotional stimulus.

Orienting responses in FTLD
Interestingly, our analyses did not reveal any diagnostic
group differences, mediation effects, or neural correlates
for orienting responses, which is not consistent with the ex-
isting literature.13–16 One factor that may contribute to these
disparate findings is that these previous studies typically did
not include an ‘instruction period’ that preceded the stimu-
lus. The instruction period in our study may have attenuated
the magnitude of orienting responses by making the timing
of the stimulus onset more predictable. In addition, in our
study, orienting and preparatory responses occurred in prox-
imity, which could have obscured effects for both responses
—particularly for orienting responses, which may have over-
lapped with the late phase of preparatory responses. Future
studies will benefit from including trials with and without
the instruction period to systematically compare preparatory
versus orienting responses in FTLD and their neural
correlates.

Implications
Findings of our study have several important implications.
First, our findings advance clinical characterizations of emo-
tional and physiological responding in FTLD. Importantly,
behavioural disinhibition is one prominent characteristic in
FTLD; it is also a diagnostic criterion for bvFTD and
PSP.22,26 This is consistent with our findings that impairment
in preparatory responses are (i) found most prominently in
bvFTD and PSP and (ii) mediate the effect of greater disinhib-
ition in FTLD than in Alzheimer’s disease. Given the strong
association between cardiovascular ANS responding and
somatic muscle activity,47 our findings suggest that impaired
preparatory responses may be one source for the behavioural
symptoms in FTLD. Second, contemporary neuroscience
models argue the brain is a ‘predictive machine,’ which con-
stantly integrates exteroceptive and interoceptive informa-
tion from current and past events in order to make
predictions about what the brain and body will need in the
next moment.66,75 Most of these models speculate AI–
ACC–vmPFC interactions are critical for making such pre-
dictions. Our neuroimaging findings provide empirical
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support for these models and highlight the importance of in-
vestigating whether other brain regions are also involved
(e.g. dorsal striatum, anterior temporal regions) or less im-
portant in (e.g. ventral striatum, SMN) in making these pre-
dictions. Third, methodologically, prior research has
typically treated responses prior to stimuli onsets as the base-
line and either excluded or adjusted for these responses in
data analyses. Our findings suggest that responses during
this pre-stimulus period may reflect important psychological
processes. While between-group differences may emerge be-
fore stimulus onset, future researchmay benefit from careful-
ly evaluating the dynamic change of responses over time.

Strength and limitations
Our study had several strengths, including: (i) examining
physiological processes during a preparatory time period
that have been largely overlooked; (ii) using a large sample
across the full spectrum of FTLD and Alzheimer’s disease
and including HC, thus enabling us to evaluate diagnostic
specificity/generalizability, maximize neuroanatomical and
behavioural heterogeneity and increase statistical power;
(iii) utilizing bothVBMand functional connectivity analyses,
allowing us to examine structural and functional changes as-
sociated with diminished preparatory responses; (iv) exam-
ining physiological responding preceding a range of
emotional films, which increases the generalizability of find-
ings; and (v) testing a number of alternative hypotheses (e.g.
orienting responses, SMN connectivity) and covariates (e.g.
overall physiological responding, disease severity), which
helped rule out the possibility that our findings simply re-
flected confounding influences.

Our study also had limitations: (i) we did not include a
control trial in which participants were told to wait for an
emotionally neutral film to start; thus, it remains undeter-
mined whether preparatory responses only occur preceding
emotional stimuli; (ii) seeing the sentence ‘say stop if you
need the film stopped’ during the instruction period may
have made some participants falsely believe that all films
were negatively valenced. Although our additional findings
(Supplementary Fig. 4) suggest that this might not affect
our results, future studies without this sentence are needed
to determine whether preparatory responding occurs simi-
larly before positive and negative stimuli; (iii) our node–
pair connectivity analyses only focused on the pairs driven
from our hypothesized model but not those outside the mod-
el; and (iv) although our hypothesized model suggests neural
processes to be sequential and directional, our analyses only
tested simultaneous covariations between nodes.

Conclusion
This is the first study to examine preparatory responses that
occur prior to the onset of emotional stimuli and their neural
correlates. We report (i) FTLD, particularly bvFTD and PSP,
had impaired preparatory responses; (ii) impairment in

preparatory responses explained greater disinhibition—an
often-observed behavioural symptom in FTLD; and (iii)
smaller preparatory responses were associated with smaller
volumes and lower functional connectivity in a brain circuit
that involves the vmPFC and SN. These findings advance our
knowledge of how FTLD can negatively impact patients’
emotional and physiological responding and produce behav-
ioural symptoms. These findings also shed light on how pre-
dictions and preparations are made in the brain to help our
bodies physiologically prepare for everyday challenges and
opportunities.
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