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Abnormal responsiveness to salient sensory signals is often a prominent feature of

dementia diseases, particularly the frontotemporal lobar degenerations, but has been

little studied. Here we assessed processing of one important class of salient signals,

looming sounds, in canonical dementia syndromes.Wemanipulated tones using intensity

cues to create percepts of salient approaching (“looming”) or less salient withdrawing

sounds. Pupil dilatation responses and behavioral rating responses to these stimuli were

compared in patients fulfilling consensus criteria for dementia syndromes (semantic

dementia, n = 10; behavioral variant frontotemporal dementia, n = 16, progressive

nonfluent aphasia, n = 12; amnestic Alzheimer’s disease, n = 10) and a cohort of 26

healthy age-matched individuals. Approaching sounds were rated as more salient than

withdrawing sounds by healthy older individuals but this behavioral response to salience

did not differentiate healthy individuals from patients with dementia syndromes. Pupil

responses to approaching sounds were greater than responses to withdrawing sounds

in healthy older individuals and in patients with semantic dementia: this differential pupil

response was reduced in patients with progressive nonfluent aphasia and Alzheimer’s

disease relative both to the healthy control and semantic dementia groups, and did not

correlate with nonverbal auditory semantic function. Autonomic responses to auditory

salience are differentially affected by dementias and may constitute a novel biomarker of

these diseases.

Keywords: auditory looming, salience, nonverbal sound, pupillometry, dementia, semantic dementia,

frontotemporal dementia, Alzheimer’s disease

Introduction

Accurate processing of salient sensory signals is essential in order to negotiate our physical and
social environment successfully. Stimulus salience is carried by a variety of properties ranging from
basic perceptual cues such as contrast (brightness, loudness) and motion (approach—withdrawal)
to more complex semantic and affective attributes (Fletcher et al., in press); while the processing
of salience engages distributed cortico-subcortical neural circuitry (Neuhoff, 2001; Seifritz et al.,
2002; Bach et al., 2008; Seeley et al., 2009; Wang et al., 2012; Wang and Munoz, 2014). These
circuits include cortical areas in the region of the temporo-parietal junction (in particular, the
superior temporal sulcus) representing dynamic changes in auditory and visual stimuli and their
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crossmodal integration (Seifritz et al., 2002; Bach et al., 2008; See-
ley et al., 2009; Tyll et al., 2013) and antero-mesial temporal lobe
structures (notably, amygdala) and inferior frontal cortices medi-
ating evaluation of the behavioral relevance of sensory signals
(Seifritz et al., 2002; Bach et al., 2008; Fletcher et al., 2013; Tyll
et al., 2013; Perry et al., 2014). Loss of awareness of salient sig-
nals or aberrant attribution of salience to banal stimuli due to
involvement of the brain networks that code salience (Seifritz
et al., 2002; Bach et al., 2008, 2009; Seeley et al., 2009; Kum-
for and Piguet, 2012; Fletcher et al., 2013; Kumfor et al., 2013;
Warren et al., 2013a,b; Perry et al., 2014; Zhou and Seeley, 2014)
may contribute to the emotional, motivational and social deficits
that often determine disability and burden in dementia diseases
(Warren et al., 2013a). Such deficits remain poorly understood
and difficult to measure, and there is accordingly consider-
able potential interest in resolving more basic pathophysiologi-
cal mechanisms (such as abnormal salience coding) that might
be used to generate indices of disease activity and candidate
biomarkers.

Nonverbal sound is well fitted in evolutionary terms to gener-
ate salient sensory signals: sounds are our major source of infor-
mation about the wider sensory environment under conditions
of reduced vision, and whether a sound source is approaching
or withdrawing is of fundamental behavioral relevance. Stimuli
that approach or “loom” are more salient than those that recede:
the ability to shift attention preferentially toward approaching
stimuli carries a survival advantage, both for engaging with desir-
able stimuli and avoiding potential threats. The percept of loom-
ing can be generated robustly even from limited acoustic cues
(for example, intensity ramps) suggesting that such simple cues
may convey relevant salience information and evoke appropri-
ate behavioral responses (Neuhoff, 1998; Seifritz et al., 2002; Bach
et al., 2008). Preferential responsiveness to approaching vs. with-
drawing sounds has been demonstrated across primate species:
monkeys orientate longer toward increasing vs. decreasing inten-
sity sounds (Schiff et al., 1962; Ghazanfar et al., 2002); while
human subjects show lower thresholds for detection of intensity
differences between static tones when intensity increases from the
first to the second tone (Ellermeier, 1996) and rate dynamically
approaching sounds as closer, louder, faster andmore unpleasant,
alerting and threatening than withdrawing sounds (Ellermeier,
1996; Neuhoff, 1998; Stecker and Hafter, 2000; Bach et al., 2008,
2009; Cappe et al., 2009). Besides evoking greater behavioral
responses, looming sounds are more physiologically arousing,
producing greater autonomic responses as indexed by changes
in galvanic skin conductance and heart rate, than withdrawing
sounds (Bach et al., 2008).

Abnormal cognitive and emotional responses to sounds are
well documented in dementia diseases, particularly those in the
frontotemporal lobar degeneration spectrum (Hoefer et al., 2008;
Mahoney et al., 2011; Omar et al., 2011; Hsieh et al., 2012; Fletcher
et al., 2013, in press). However, auditory salience coding and
its physiological correlates have not been studied systematically
in these diseases. It is now well established that neurodegenera-
tive diseases target specific large-scale distributed brain networks
(Seeley et al., 2009; Warren et al., 2013b; Zhou and Seeley, 2014)
previously implicated in the processing of auditory salience in the

healthy brain (Seifritz et al., 2002; Bach et al., 2008; Tyll et al.,
2013). On both clinical and neuroanatomical grounds, dementia
syndromes are therefore predicted to show separable profiles of
abnormal auditory salience processing. To the extent that evalu-
ation of the behavioral relevance of sounds is particularly critical,
diseases that selectively target anterior temporal lobe circuits are
predicted to show the most marked derangement of salience pro-
cessing (Bach et al., 2008); whereas if the requirement to code
dynamic acoustic cues is critical, diseases with heavier involve-
ment of more posterior temporo-parietal and auditory associ-
ation cortices would produce more marked deficits of auditory
salience coding (Seifritz et al., 2002).

Here we addressed this issue in a cohort of patients rep-
resenting canonical dementia syndromes in relation to healthy
older individuals. We measured behavioral and autonomic
(pupillometric) responses to looming vs. withdrawing sounds
and compared these salience responses with an index of nonver-
bal auditory semantic function. We hypothesized that dementia
diseases would show separable behavioral and physiological sig-
natures of altered auditory salience coding. More specifically, we
hypothesized that salience response profiles would differentiate
dementia syndromes preferentially targeting more antero-mesial
temporal and inferior frontal networks (semantic dementia, SD;
behavioral variant frontotemporal dementia, bvFTD (Seeley et al.,
2009; Fletcher and Warren, 2011; Warren et al., 2013b; Zhou
and Seeley, 2014) from syndromes targeting more posterior and
dorsal brain networks (progressive nonfluent aphasia, PNFA;
Alzheimer’s disease, AD (Grossman, 2012; Warren et al., 2012,
2013b) previously implicated in different aspects of the analysis of
looming sounds (Seifritz et al., 2002; Bach et al., 2008; Tyll et al.,
2013). As auditory salience processing has a modular organiza-
tion, we further predicted that autonomic correlates of auditory
salience should be at least in part dissociable from behavioral and
cognitive indices of nonverbal sound analysis.

Methods

Participant Details
Consecutive patients fulfilling consensus diagnostic criteria
(Dubois et al., 2007; Gorno-Tempini et al., 2011; Rascovsky et al.,
2011) for SD (n = 10), probable bvFTD (n = 16), PNFA
(n = 12) or typical amnestic AD (n = 10) and 26 healthy
older individuals with no history of neurological or psychiatric
illness participated. Genetic screening of the cohort revealed
12 patients with pathogenic mutations, all in the bvFTD group
(six with expansions in the C9orf72 gene, six with mutations
in the MAPT gene). Cerebrospinal fluid amyloid-beta1−42 and
tau ratios were available for six patients with AD, seven with
bvFTD, seven with PNFA and three with SD, and were in keep-
ing with the clinical diagnosis in all cases. No participant had a
clinical history of hearing abnormalities; in order to assess any
effect from peripheral hearing function on experimental perfor-
mance, screening pure tone audiometry was conducted in each
group using a previously described procedure (Goll et al., 2010).
Nine patients with AD, six with bvFTD, two with PNFA and
one with SD were receiving treatment with acetylcholinesterase
inhibitors. All participants had a comprehensive assessment of
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general neuropsychological functions (Table 1). Syndromic diag-
noses were further substantiated by structural volumetric brain
MRI which showed compatible profiles of regional atrophy in all
cases with minimal or mild coexisting cerebrovascular damage.

Written informed consent was obtained for all participants
in accordance with the Declaration of Helsinki; the study was
approved by the UCL/UCLH Joint Research Ethics Committee.

Assessment of Nonverbal Auditory Semantic
Function
In order to assess nonverbal auditory semantic competence when
interpreting behavioral and pupillometric correlates of auditory
salience processing, we created a novel, within-modality, seman-
tic matching (classification) task on highly identifiable, real non-
verbal sounds (accordingly, this stimulus set did not include the
synthetic tones used to assess salience responses in the pupillom-
etry experiment; see below). Sixty serial sound pairs (see Sup-
plementary Table S1) were presented in randomized order; the
task on each trial was to classify the paired sounds according
to whether they were associated with the same sound source or
with different sources (“Are the sounds made by the same kind
of thing or by different kinds of things?”). No feedback about
performance was given and no time limits on responses were
imposed.

Pupillometry Experiment
To assess auditory salience processing, we synthesized dig-
ital sounds under two conditions: “approaching” or “loom-
ing” (tones with increasing intensity) vs. “withdrawing” (tones
with decreasing intensity). Carrier sound stimuli were synthe-
sized as pure tone wavefiles under Matlab 7.0 R© (http://www.
mathworks.co.uk/) at base frequency 700 or 1000Hz; narrow-
band sounds in this frequency range have been shown previ-
ously to evoke robust behavioral and physiological responses to
auditory looming in the healthy brain (Neuhoff, 1998; Seifritz
et al., 2002; Bach et al., 2008, 2009). All tones were 2 s in
duration with the same base mean (root-mean-square) intensity
level. Intensity changes were applied as linear ramps between
0 and 75 decibels with 5ms onset and offset ramps to elim-
inate click artifacts. These large intensity changes were easily
perceived by all participants: sounds with increasing or decreas-
ing intensity were perceived as “approaching” or “withdrawing,”
respectively.

Six synthetic sound stimuli (three tones representing each
of the two salience conditions) were presented in randomized
order interspersed with a playlist of 30 familiar nonverbal sounds
(representing common human vocal, animal, mechanical and
environmental noises, included in order to improve estima-
tion of stable baseline pupillometry responses while minimizing

TABLE 1 | Demographic, clinical and general neuropsychological data for participant groups: Maximum scores on neuropsychological tests are shown in

parentheses; mean (standard deviation) data are shown unless otherwise indicated.

Characteristic Controls SD bvFTD PNFA AD

GENERAL

No. 26 10* 16 12** 10*

Gender distribution (f:m) 12:14 6:4 3:11 3:9 5:5

Age (yrs): mean (range) 67 (57–74) 65 (56–78) 66 (52–84) 68 (57–79) 66 (60–78)

Education (yrs) 16.6 (2.0) 15.0 (3.2) 14.6 (3.4) 15 (3.1) 15.3 (2.4)

Symptom duration (yrs) NA 4.5 (2.1) 8.3 (6.2) 4.3 (2.1) 5.3 (2.1)

MMSE (range) 29.7 (29−30) 20.2 (18–30) 24.1 (9–27) 25.4 (14–29) 23.8 (21–29)

IQ

Verbal 123 (8.2) 81 (17) 89 (20) 77 (15) 101 (14)

Performance 119 (14) 111 (16) 97 (17) 98 (17) 90 (16)

EPISODIC MEMORY

RMT words (/50) 47 (3) 30 (8) 35 (6) 40 (8) 30 (5)

RMT faces (/50) 44 (4) 36 (8) 34 (6) 38 (5) 32 (5)

SEMANTIC PROCESSING

BPVS (/150) 148 (2) 103 (45) 132 (15) 132 (24) 140 (8)

Sound classification task† (45) 89 (5) 71 (10) 78 (12) 82 (7) 83 (6)

EXECUTIVE FUNCTION

D-KEFS Stroop word 21 (4) 26 (9) 27 (9) 50 (14) 31 (9)

D-KEFS Stroop inhibition 57 (16) 77 (34) 94 (42) 118 (51) 116 (47)

Digit span reverse (max) 5 (1) 5 (2) 5 (1) 3 (1) 5 (2)

VISUOSPATIAL

VOSP (/20) 18 (2) 16 (3) 17 (2) 16 (2) 16 (2)

Significant group differences in patients relative to healthy controls are in bold. *general neuropsychological data in 9 patients **general neuropsychological data in 10 patients;
†experimental nonverbal auditory semantic task (see text); AD, amnestic Alzheimer’s disease; BPVS, British Picture Vocabulary Scale; bvFTD, behavioral variant frontotemporal dementia;

D-KEFS, Dellis-Kaplan Executive Function System; MMSE, Mini-Mental State Examination score; NA, not applicable; PNFA, progressive nonfluent aphasia; RMT, Recognition Memory

Test; SD, semantic dementia; VOSP, Visual Object and Spatial Perception battery.
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effects from habituation); successive synthetic sound stimuli were
separated by at least three intervening natural sounds.

During pupillometry, the participant was seated approxi-
mately 1m from a large desktop computer screen in a dimly and
uniformly illuminated room. Pupil area was measured from the
right pupil using an infra-red camera [Eyelink II; SR Research,
Canada] mounted on a headset just below the line of sight while
the participant fixated a white circle (diameter 1 cm) in the center
of the monitor. Each experimental trial was triggered once ade-
quate visual fixation was achieved and pupil area was measured
(sampling rate 250Hz) over the entire trial duration using Eye-
link II software. During each trial there was an initial brief silent
interval (2 s), followed by the sound stimulus (2 s) and a final
silent equilibration interval (7 s). Synthetic sound stimuli were
presented via headphones [Audio-Technica ATH-M50] from a
notebook computer at a constant, comfortable baseline listening
level (at least 70 decibels). On completion of each trial, a modi-
fied Likert pictorial scale was displayed and the participant rated
how alerting they found the stimulus using a wireless mouse; a
participant response signaled the next trial. All pupillometry and
behavioral data were recorded for off-line analysis.

Pre-processing of Pupillometry Data
A customized algorithm written in STATAv12.1 R© was used to
calculate maximal pupil change (dilatation) from baseline area
for each trial; baseline values were calculated as the mean value
over the initial 2 s silent interval of the trial. Artifacts were
chiefly blinks, easily detected due to their characteristic rapid
time course; pupil data were discarded over the interval 50ms
prior to 750ms following the artifact, to allow for completion of
an ensuing light reflex (as determined from data collected in a
healthy control pilot group). The total proportions of data points
removed due to artifacts did not differ significantly between
sounds or between experimental groups. There was a strong cor-
relation between baseline andmaximal pupil area over the course
of the experiment and across participants; accordingly, a log
transform was used to generate a metric of pupil response.

Data Analyses
Demographic characteristics, general neuropsychological and
nonverbal auditory semantic performance, medication use and
peripheral hearing function were compared between participant
groups and correlations with pupil responses were assessed over
the combined patient cohort using linear regression models.
Behavioral rating and pupil responses in approaching and with-
drawing sound conditions were compared for individual partic-
ipants within each group using linear fixed effects models with
crossed fixed effects for participant and item (after exclusion
of interleaved natural sounds), in order to account for non-
independence of within-participant correlations of behavioral
ratings and pupil responses. For each individual, a measure of
the magnitude of the difference in condition responses was cal-
culated by subtracting mean response to withdrawing sounds
from mean response to approaching sounds; these individual
difference measures were entered into the group-wise analysis,
and groups were compared using linear regression (effectively
implementing group-by-condition interactions). Sound position

within the experimental playlist was incorporated as a nuisance
covariate in sound condition comparisons; gender was incorpo-
rated as a nuisance covariate in group comparisons, given pre-
vious evidence that females and males perceive looming sounds
differently (Neuhoff et al., 2009). For all analyses, p < 0.05
was adopted as the threshold for reporting statistically significant
effects.

Results

General Characteristics of Participant Groups
Demographic, clinical and general neuropsychological data are
summarized in Table 1. Participant groups did not differ in mean
age but did differ in gender distribution [males were relatively
over-represented in the bvFTD group relative both to the healthy
control group (p = 0.02) and the PNFA group (p = 0.03)].
Patient groups did not differ in mean symptom duration. Clinical
syndromic diagnoses were corroborated by findings on standard
general neuropsychological assessment.

Baseline peripheral hearing thresholds did not vary between
patient groups. The SD, bvFTD and PNFA groups showed
impaired semantic classification of nonverbal sounds relative to
the healthy older control group (p < 0.0001; see Table 1); no
nonverbal auditory semantic deficit was demonstrated in the AD
group.

Behavioral Ratings
Behavioral alerting rating and pupil response data are
summarized in Figure 1 and tabulated in Supplementary
Table S2.

The PNFA group rated approaching sounds as significantly
less alerting (p = 0.04) than did the healthy control group
and showed a strong trend (p = 0.055) to rate approaching
sounds as significantly less alerting than the SD group. There
were no other syndromic group differences in mean overall alert-
ing ratings for either sound condition. The healthy control group
showed a strong trend to rate approaching sounds as signifi-
cantly more alerting than withdrawing sounds (p = 0.07). No
patient group showed a significant mean difference in alerting
ratings between the two sound conditions; the magnitude of this
behavioral condition difference did not differ between syndromic
groups.

Pupil Responses
Baseline pupil size did not change systematically over the course
of the experiment. There was no relationship between peripheral
hearing thresholds or use of acetylcholinesterase inhibitors and
baseline pupil size or condition-associated pupil responses. Com-
paring pupil responses between groups, overall pupil reactivity
(i.e., mean pupil response to sounds irrespective of sound condi-
tion) did not differ between syndromic groups. The bvFTD sub-
group with C9orf72 mutations had significantly reduced overall
pupil responses relative both to healthy controls (p = 0.01) and
to patients with sporadic bvFTD (p = 0.02) but no significant
difference relative to other patient groups.

In the healthy control group, approaching sounds evoked sig-
nificantly greater pupil dilatation (p < 0.01) than withdrawing
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FIGURE 1 | Mean alerting ratings (upper panel) and maximal pupil

responses (lower panel) for the experimental groups for

approaching (intensity increasing, Iup, dark gray) and withdrawing

(intensity decreasing, Idown, light gray) sound conditions. Alerting

ratings are on a Likert scale (1, not all alerting; 10, highly alerting) and

pupil responses are shown as log percentage maximal area change from

baseline (Pupilmax). Mean values are shown (error bars signify 1 standard

error). Key: a, strong trend (p < 0.07) to greater alerting ratings for Iup

than Idown sounds; b, significantly greater (p < 0.05) pupil responses to

Iup than Idown sounds; c, differential response to Iup vs. Idown sounds

significantly reduced (p < 0.05) relative to healthy control and SD groups;

d, differential response to Iup vs. Idown sounds significantly reduced

(p < 0.05) relative to healthy control group; e, overall pupil responses

significantly reduced (p < 0.05) relative to healthy older controls and

sporadic bvFTD subgroup; AD, Alzheimer’s disease; control, healthy older

control group; C9orf72, behavioral variant frontotemporal dementia with

C9orf72 gene mutations; MAPT, behavioral variant frontotemporal

dementia with MAPT gene mutations; PNFA, progressive nonfluent

aphasia; SD, semantic dementia; sp-FTD, sporadic behavioral variant

frontotemporal dementia (no identified genetic mutation).

sounds. The SD group (but no other syndromic group or genetic
subgroup) retained the normal profile of significantly greater
pupil responses to approaching than withdrawing sounds (p =

0.02). Relative to healthy controls, the magnitude of this differ-
ential pupil response to approaching vs. withdrawing sounds was
significantly reduced in the PNFA group (p < 0.01) and in the
AD group (p = 0.02). Relative to the SD group, the pupil con-
dition difference was significantly reduced in the PNFA group
(p = 0.02) and showed a strong trend to be significantly reduced
in the AD group (p = 0.06). There were no other significant
differences in pupil responses between groups.

There were no significant correlations between pupil response
and disease duration, overall disease severity (as indexed byMini-
Mental State Examination score), general semantic (British Pic-
ture Vocabulary Scale) or nonverbal auditory semantic (sound
classification test) performance over the patient cohort.

Discussion

Here we have demonstrated that dementia syndromes have dis-
sociable profiles of behavioral and autonomic reactivity to salient
sounds. Whereas healthy older individuals (in line with previ-
ous work in younger cohorts: (Ellermeier, 1996; Neuhoff, 1998;
Stecker and Hafter, 2000; Bach et al., 2008, 2009; Cappe et al.,

2009) showed an enhanced behavioral response to approach-
ing vs. withdrawing sounds, this differential behavioral response
was lost across dementia syndromes. However, patients with
SD (like healthy individuals) showed greater pupil dilatation in
response to looming sounds than withdrawing sounds, whereas
this salience signal was reduced (relative both to healthy con-
trols and patients with SD) in PNFA and AD. Moreover, the
physiological salience response in SD and pupil responses in
the wider patient cohort did not correlate with nonverbal audi-
tory semantic function. Taken together, these findings support a
functional fractionation of human brain systems for the behav-
ioral evaluation and physiological coding of sounds: physiologi-
cal markers (in SD)may continue to signal the salience of sensory
stimuli even where explicit evaluation is disrupted. The find-
ings corroborate previous evidence for altered behavioral and
physiological coding of emotional sounds in dementias (Fletcher
et al., in press) and further suggest that physiological signatures
based, for example, on autonomic salience responses may stratify
dementia syndromes, with potential utility as biomarkers.

The finding of preserved auditory salience responses in SD
and reduced responses in PNFA and AD corroborates our prior
hypothesis concerning dissociable syndromic profiles of salience
coding in these dementia syndromes. This syndromic pattern
is intriguing in light of previous neuroanatomical work in the

Frontiers in Behavioral Neuroscience | www.frontiersin.org 5 March 2015 | Volume 9 | Article 73

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Fletcher et al. Dementia and salient sounds

healthy brain (Bach et al., 2008). Anterior and mesial temporal
structures (such as amygdala) that evaluate the behavioral and
emotional salience of sensory stimuli (Bach et al., 2008) are typi-
cally heavily involved by the pathological process in SD [9] (and
were involved on MRI in all cases here) but less consistently
damaged in other dementia syndromes; in contrast, posterior
temporo-parietal and fronto-parietal circuitry implicated in spa-
tial analysis, orienting and evaluative behaviors (Downar et al.,
2000; Seifritz et al., 2002; Bach et al., 2008) are typically involved
in AD and PNFA but relatively spared in SD (Grossman, 2012;
Warren et al., 2012, 2013a). Though any anatomical conclusion
here must be tentative, our findings suggest that more posterior
cortices (perhaps auditory association areas) (Kucyi et al., 2012)
may play a key role in coding physiological responses to salient
sounds but leave open the critical locus for generating evalua-
tive behavioral responses (which were impaired across dementia
syndromes here).

From a clinical perspective, our findings suggest that phys-
iological signatures may help to define dementia diseases both
syndromically and by molecular substrates. Molecular substrates
are most clearly established for genetic mutation subgroups, for
SD (clinically typical cases are generally underpinned by TDP-43
type C pathology: (Rohrer et al., 2011) and for clinically typical
AD, when supported (as here) by cerebrospinal fluid parameters.
These diseases were distinguished in the present study by pro-
files of overall pupil reactivity to sound (reduced in patients with
C9orf72 mutations relative to healthy older adults and patients
with sporadic bvFTD) and pupil salience responses (reduced
in PNFA and AD relative to SD). It is noteworthy that pupil
responses suggested some stratification of genetic subgroups
within the pathologically and anatomically diverse bvFTD syn-
dromic group. Such molecular stratification could help to resolve
certain apparent inconsistencies with respect to autonomic reac-
tivity profiles attributed to combined bvFTD syndromic cohorts
in previous work: baseline autonomic (skin conductance) reac-
tivity has been reported to be decreased in bvFTD (Robles et al.,
1999; Joshi et al., 2014; Struhal et al., 2014), while autonomic
responses to salient sounds have been reported to be depressed
(Hoefer et al., 2008) or retained (Sturm et al., 2006). Physio-
logical signatures may be particularly pertinent where diseases
overlap clinically and anatomically (for example, sporadic and
C9orf72-associated bvFTD) or where differentiation of molecu-
lar pathologies is currently difficult due to convergent phenotypic
effects, particularly in bvFTD (Warren et al., 2013a,b). Physio-
logical biomarkers could potentially have a role both in disease
detection and in tracking syndromes or evaluating therapies, for
example in the context of clinical trials targeted to particular pro-
teinopathies. This could apply in more advanced disease, where
conventional cognitive and structural neuroanatomical metrics
lack sensitivity and specificity. More generally, however, there is
a need for new, functionally relevant biomarkers that can reflect
the impact of therapies dynamically, while potential for reversal
of disease effects is maximal. In addition, the present findings
may have future implications for symptomatic interventions

based on manipulation of sensory salience (for example, warning
signals).

The present study has several limitations that suggest direc-
tions for future work. Patient numbers here were small; with
particular regard to the genetic subgroups here, the findings
should be regarded as preliminary and await substantiation in
larger patient cohorts. In the case of less common demen-
tias, pooling of cohorts via multi-center collaborations (Rohrer
et al., 2015) is likely to be required in order to power stud-
ies adequately to detect weaker disease effects. Moreover, our
patients were studied within a relatively limited window of clin-
ically established disease and without direct neuroanatomical or
pathological substantiation. We adopted a single model physio-
logical paradigm: pupillometry of salient sounds. Further work
should evaluate physiological response profiles longitudinally
over the course of disease (including presymptomatic, genetically
at-risk cases), with other physiological metrics and in different
sensory modalities, and with neuroanatomical and (ultimately)
histopathological correlation.
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