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Abstract Introduction Persistent postural-perceptual dizziness (PPPD) is a functional vestibu-
lar disorder characterized by chronic dizziness, unsteadiness, and hypersensitivity to
motion. Preexisting anxiety disorders and neurotic personality traits confer vulnerabil-
ity to PPPD. High anxiety during acute vertigo or dizziness incites it. A functional
magnetic resonance imaging (fMRI) study of chronic subjective dizziness found
unexpectedly hypoactive responses to vestibular stimulation in cortical regions that
integrate threat assessment and spatial perception.
Objective This fMRI study used non-moving, but emotionally charged visual stimuli to
investigate the brain’s activity of PPPD patients and control subjects.
Methods The participants included 16 women with PPPD and 16 age-matched women
who recovered completely from acute episodes of vertigo or dizziness capable of triggering
PPPD. Brain responses to positive, neutral, and negative figures from the International
Affective Picture System were measured with fMRI and compared between the groups.
Dizziness handicap, anxiety, and depression were assessed with validated questionnaires.
Results Between group analyses: Participants with PPPD showed reduced activity in
anterior cingulate cortex and increased activity in left angular gyrus in response to
negative versus positive stimuli, which was not observed in recovered individuals.
Within group analyses: Participants with PPPD had increased activity in visuospatial
areas (parahippocampal gyrus, intraparietal sulcus) in negative versus positive and
negative versus neutral contrasts, whereas recovered individuals had increased activity
in anxiety regions (amygdala, orbitofrontal cortex).
Conclusion Patients with PPPD may be more attuned to spatial elements than to the
content of emotionally charged visual stimuli.

received
April 3, 2020
accepted
July 23, 2020
published online
September 24, 2020

DOI https://doi.org/
10.1055/s-0040-1716572.
ISSN 1809-9777.

© 2020. Fundação Otorrinolaringologia. All rights reserved.
This is an open access article published by Thieme under the terms of the

Creative Commons Attribution-NonDerivative-NonCommercial-License,

permitting copying and reproduction so long as the original work is given

appropriate credit. Contents may not be used for commercial purposes, or

adapted, remixed, transformed or built upon. (https://creativecommons.org/

licenses/by-nc-nd/4.0/)

Thieme Revinter Publicações Ltda., Rua do Matoso 170, Rio de
Janeiro, RJ, CEP 20270-135, Brazil

THIEME

Original Research 355

Published online: 2020-09-24

https://orcid.org/0000-0001-5016-8571
https://orcid.org/0000-0001-8731-8908
https://orcid.org/0000-0003-2202-0494
https://orcid.org/0000-0002-5889-1382
https://orcid.org/0000-0003-0080-1441
mailto:elianesohsten@gmail.com
https://doi.org/10.1055/s-0040-1716572
https://doi.org/10.1055/s-0040-1716572


Introduction

Persistent postural-perceptual dizziness (PPPD) is a chronic
functional vestibular disorder that manifestswithwaxing and
waning dizziness, unsteadiness, and swaying or rocking (non-
spinning) vertigo lasting 3 months or longer.1,2 Upright pos-
ture, active or passivemovement, andexposure tomotion-rich
environments exacerbate these core physical symptoms of
PPPD. Medical and psychiatric conditions that cause vertigo,
unsteadiness, or dizziness, such as peripheral vestibular dis-
orders, vestibular migraine, panic attacks or generalized anxi-
ety with prominent dizziness, autonomic dysregulation, mild
traumatic brain injury, and cardiac dysrhythmias may trigger
PPPD invulnerable individuals, particularly thosewith anxiety
diatheses.2,3 In tertiary neurotologic settings, PPPD is
the second most common cause of vestibular symptoms and
a frequent cause of long-term disability.2,3 Up to three-quar-
ters of patients with PPPD may develop comorbid anxiety or
depressive disorders over the course of their illness, but PPPD
also may present as a sole diagnosis.3 The Committee for
Classification of Vestibular Disorders of the Bárány Society,
the premier international scientific society for neurotologic
research, developed formal diagnostic criteria for PPPD,2based
on clinical observations dating back 145 years and systematic
studies fromthelast3decades. TheWorldHealthOrganization
included PPPD in its draft of the 11th edition of the Interna-
tional Classification of Diseases.1

The contemporary predecessors of PPPD were phobic pos-
tural vertigo (PPV),4 space-motion discomfort (SMD),5 visual
vertigo (VV),6 and chronic subjective dizziness (CSD).7 Initial
descriptions of each of these entities included symptoms of
chronic or recurrent dizziness and hypersensitivity to motion
stimuli, but emphasized different provocative factors and
relationships to psychological morbidity. Present-day discus-
sions about these syndromes reprised the century-old debates
about the relative roles of vestibular, visual, and anxiety-
related processes in spatial perception and locomotion.3,8

Persistent postural-perceptual dizziness is a functional
vestibular disorder,2,3 not a structural or psychiatric illness.
A detailed hypothesis of possible pathophysiologic mecha-
nisms2,3,9 was derived from numerous investigations of PPV,
SMD,VV, andCSD. Functional changes inpostural controlwere
surmised from studies of patientswith PPVwhowere found to
have stance andgaitmechanics that closely resembled thoseof
normal individuals under conditions of postural threat (e.g.,
stiffened stance and prolonged two-footed support while
walking).9 A functional shift in multi-sensory information
processing was postulated from investigations of patients
with chronic VV who were found to favor visual inputs over
vestibular and somatosensory stimuli for determining spatial
orientation, a phenomenon known as visual dependence.10

Roles for anxiety-related factors were hypothesized from
findings that patients with CSD11,12 and PPPD13 were signifi-
cantly more likely than control subjects to possess an anxiety
diathesis of neurotic personality traits11–13 or a personal or
familyhistoryofanxietydisorders,14whereas individualswith
more resilient traits were protected from developing PPV.15

Furthermore, a highly anxious, body-vigilant response to

triggering events was found to be a key initial step in generat-
ing chronic dizziness.10,16,17 Taken together, these data indi-
cate that PPPD is a condition in which a tendency toward
heightened anxiety and an initially fearful response to acute
vestibular or balance symptoms lead to persistent functional
changes in locomotor mechanics and space-motion informa-
tion processing. Importantly, PPPD is not the somaticmanifes-
tation of a psychiatric disorder, as it may exist without any
overt psychopathology.2,3,8 Nonetheless, the evidence that
anxiety-related processesmay confer risk and serve as inciting
factors for PPPD suggests a need for greater understanding of
the state of anxiety systems in the brain and their effects on
space-motion information processing in patients with PPPD.

Four previous neuroimaging investigations bear on this
topic.18–21 In the first study, Indovina et al18 used fMRI to
record brain responses to sound-evoked vestibular stimula-
tion in normal individuals. Neuroticism, measured by the
Neuroticism-Extraversion-Openness Personality Inventory-
Revised (NEO-PI-R),22 correlated positively with activity in
the cerebellar fastigium, pons, and the V2 region of the visual
cortex, and negatively with activity in the supramarginal
gyrus, a vestibular cortical region. Introversion correlated
positively with activity in the amygdala. Neuroticism also
correlated positively with connectivity between the cerebel-
lar fastigium and the amygdala, pons and amygdala, V2 and
inferior frontal gyrus, and supramarginal and inferior frontal
gyri, whereas introversion correlated negatively with con-
nectivity between the amygdala and inferior frontal gyrus. In
the second study, Riccelli et al19 used fMRI to measure brain
responses to visual stimuli from avirtual reality rollercoaster
in normal individuals, comparing activity and connectivity
during vertical (more threatening) versus horizontal (less
threatening) portions of the ride. In the vertical versus
horizontal contrast, neuroticism correlated positively with
activity in the posterior insula and retroinsula and with
connectivity between left posterior insula and left inferior
frontal gyrus, left retroinsula and right temporal-parietal
junction, and left retroinsula and right and left amygdalae.
Thus, anxiety-related personality traits were associatedwith
increased activity in cortical and subcortical vestibular,
visual, and anxiety regions of the brain and greater connec-
tivity among these regions in normal individuals in response
to both vestibular and visual motion stimuli,18,19 and also
with a shift to greater activity in visual than vestibular
cortical areas.18 These findings fit with clinical data on the
potential roles of anxiety-related factors in predisposing
individuals to PPPD and inciting its development.2,3

Given these findings, the first neuroimaging investiga-
tions of patients with CSD20 and PPV21 yielded unexpected
results. Indovina et al,20 the team that investigated the
response of normal individuals to sound-evoked vestibular
stimulation, used the same fMRI protocol to study patients
with CSD. Curiously, they found that patients with CSD had
lesser, not greater, activations of vestibular cortical areas,
anterior insula, inferior frontal gyrus, anterior cingulate
cortex, and hippocampus as well as lesser, not greater,
connectivity between vestibular cortical areas, frontal corti-
cal regions, and the hippocampus than healthy control
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subjects matched for neuroticism and introversion. In a
voxel-based morphometry study of patients with PPV,
Wurthmann et al21 reported reduced gray matter volumes
in many of these same regions. These results indicate that
cortical networks responsible for high-level integration of
threat assessment and space-motion perception might be
less responsive and less well connected in patients with CSD
andPPV than in normal individuals. These four neuroimaging
investigations present an intriguing mix of findings. In
normal individuals, a moderately loud, but otherwise non-
threatening, vestibular stimulus increased activity and con-
nectivity from the cerebellum and brainstem to the amyg-
dala, and from portions of the primary visual cortex to the
inferior frontal gyrus. A potentially threatening visual stim-
ulus increased activity and connectivity more rostrally, from
the amygdala to the insula and to portions of the vestibular
cortex and inferior frontal gyrus. In patients with CSD, by
contrast, sound-evoked vestibular stimulation decreased
activity and connectivity across a broad range of rostral
regions from the hippocampus, insula and anterior cingulate
cortex to portions of the vestibular cortex and inferior frontal
gyrus. Thus, more information about the state of anxiety
systems in the brains of patients with PPPD and their effects
on processing of space-motion information is needed to
assimilate these results into a cogent model of the disorder.

We designed the present fMRI study to complement this
previous work. Recognizing the anxiety diathesis associated
with PPPD, we were interested in whether patients with this
disorder might have an increase in reactivity to threatening
stimuli in general, not just to inputs containing predomi-
nantly space-motion information. To test this hypothesis, we
measured brain responses to a standardized set of pleasant,
neutral, and threatening pictures.23 We presented the pic-
tures in a stationary manner to measure participants’
responses to their content without the confounding influ-
ence of movement, which could have been particularly
provocative for patients with PPPD.Weweremost interested
in the activity of brain regions involved in threat assessment,
but we also examined activity in areas responsible for
processing vestibular and visual inputs and space-motion
perception. We chose a comparison group of age- and sex-
matched patients who had recovered from acute vestibular
events of the type that are capable of triggering PPPD (i.e., an
exposed, but recovered control group) to control for the
noxious experience of illnesses that cause acute vertigo or
dizziness. We also measured dizziness handicap, state and
trait anxiety, and depression in all participants using stan-
dardized scales.24–27

Methods

The institutional ethics committee of Clinical Hospital of São
Paulo University approved this study, clinical trial number
U1111–1144–8754. All participants provided written in-
formed consent before undertaking any investigational
procedures.

This was a cross-sectional observational study conducted
betweenMay 2012 and December 2014. Female, right-hand-

ed subjects, 18 to 60 years old, were recruited from Neuro-
tology Division of ENT Department of Clinical Hospital of São
Paulo University if they were diagnosed with PPPD or had
recovered fully from a disorder that manifested with acute
vestibular symptoms or disturbance of balance. Patientswith
other neurologic conditions including migraine, as well as
other otologic, psychiatric, cardiac, or unstable systemic
diseases, motor limitations, uncorrected visual impairments,
implanted metallic objects, history of claustrophobia, and
those taking psychotropic drugs for any reason were exclud-
ed. Sex, handedness, and age restrictions were employed to
limit fMRI confounds related to these variables. Persistent
postural-perceptual dizziness affects more women than
men, with an average age of onset of 40 to 45 years13,28;
hence the choice of sex and age range restrictions.

Prior to entry into the study, all patients had thorough
clinical neurotologic assessments and laboratory testing,
including blood tests for common causes of dizziness, pure
tone and speech recognition audiometry, impedance testing,
electronystagmography, sinusoidal rotary chair testing, and
computerized dynamic posturography with the EquiTest
Sensory Organization Test (NeuroCom International, Clack-
amas, OR, USA). Then, they were treated for their neuro-
tologic illnesses as clinically indicated using medications
(betahistine, dimenhydrinate, and meclizine as vestibular
suppressants; cyclobenzaprine as a cervical muscle relaxant;
and statins for metabolic syndromes), canalith repositioning
maneuvers for benign paroxysmal positional vertigo, nutri-
tional29,30 andhydration countermeasures for dysautonomia
and postural hypotension, cervical physiotherapy for neck
symptoms, and vestibular habituation to reduce sensitivity
to motion stimuli.31 Patients who had persistent dizziness
despite initial treatment and met the Bárány Society’s defi-
nition for PPPD,2 which was available in draft form at the
start of this investigation, constituted the pool of potential
subjects with PPPD. Patients who recovered fully from their
acute illnesses and were matched for age to the PPPD
participants constituted the potential pool of recovered
subjects. Of 26 patients in the initial PPPD group, 1 was
left-handed, 3 had medical exclusions, and 5 had abnormali-
ties on MRI that could have confounded analyses of fMRI
results (e.g., whitematter anomalies). Imagingdata could not
be collected from one enrolled participant because of equip-
ment problems. Of 18 volunteers in the recovered group, 2
were excluded because of anatomical MRI anomalies. That
left 16 women in the PPPD group and 16 women in the
recovered group for whom data were available.

Before fMRI acquisition, all participants completed validat-
ed Portuguese-language versions of the Self-Reporting Ques-
tionnaire (SRQ-20), a 20-item screening tool for psychiatric
illness,32 aswell as specific self-reportedmeasures for anxiety
and depression, including the 14-item Hospital Anxiety and
Depression Scale (HADS-A and HADS-D for anxiety and de-
pression subscales, respectively),24 the 20-item state and trait
versions of the State-Trait Anxiety Inventory (STAI-S and STAI-
T, for the state and trait versions, respectively),25 and the 21-
item Beck Depression Inventory – II (BDI-II).26 We measured
the severity of dizziness and dizziness-related impairment
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with the Dizziness Handicap Inventory (DHI),27 a widely used
25-item self-report of physical and emotional symptoms and
functional limitations due to dizziness.

We acquired fMRI images using a Philips Achieva 3.0 Tesla
MRI system (Philips Medical Systems, Eindhoven,
Netherlands) with a Quasar Dual gradient up to 80 mT/m
and an 8-channel skull coil. We obtained whole brain images
using echo-planar imaging with T2-weighted gradient-echo
sequences. The acquisition parameters were: time of repeti-
tion¼ 3,000 milliseconds, echo time¼ 30 milliseconds, run
time¼ 450 secondþ 12 second of dummy scans, thick-
ness¼ 3.0mm, gap between slices¼ 0.3mm, field of view
240� 240mm2 and matrix 80� 80mm2, with 41 slices in
the anterior commissure – posterior commissure plane,
resulting in 3mm isotropic voxels. The total number of
volumes in each run was 150. All runs were preceded by
four “dummy scans” to account for T1 signal decay.

We selected 75 images from the International Affective
Picture System (IAPS)23 and separated them into three
groups according to their valence scores: 25 positive, 25
negative, and 25 neutral images. The selected images had
similar dominance and arousal values based on standard
IAPS scores for women. We presented the images on a 29.5-
inch projection screen located inside the scanner room
using a block fMRI design. Each fMRI experiment consisted
of one run of 450 seconds containing 15 epochs (5 blocks of
each valence condition lasting 30 seconds (►Fig. 1, top). In
each block, 10 IAPS images of the same valence were
presented for 2.5 seconds. Each IAPS image was followed

by a nonsense image presented for 0.5 second. The non-
sense image was constructed from a collage of small square
fragments clipped from the 75 selected images (►Fig. 1,
bottom). We interspersed the nonsense image to maintain
participant engagement and overall level of stimulus
complexity.

Data Analysis
We analyzed fMRI data using the functional MRI of the brain
(FMRIB) Software Library version 5.0.1, tool FEAT 6.01.33 We
preprocessed images by applying a slice-time and motion
correction, spatial smoothing (5mm full width at half maxi-
mum), and normalization in the Montreal Neurological Insti-
tute standard space. In the first-level analysis for each
individual, we used general linear models (GLMs) to detect
the variation in blood oxygen level dependent (BOLD) signal
associated with blocks of positive and negative images. We
included separate independent variables for responses to
positive and negative blocks and their time derivatives with
the neutral block modeled as baseline. In the second-level
analysis, we usedmixed effectsmodels to account for variabil-
ity betweensubjects. This allowedgeneralizationof the results
for thepopulations studied. Dependent variableswere param-
eters estimated from the first-level GLMs for positive block,
negative block, and differences between them. The indepen-
dent variable was group (PPPD versus Recovered).

We used the Student t-test to compare the average BOLD
signal within each group for each block type and for block
differences. Then, we used the Student t-test for independent

Fig. 1 Representative schemeof theparadigm: yellow¼ figureswith neutral valence;white¼ figure ofmixed images; red¼ figureswith negative valence;
green¼ figures with positive valence. Block¼ set of 20 images (10 with positive, negative or neutral valence; 10 equal, from mixed images).
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samples to compare differences between groups. To control
for false positive results owing to multiple comparisons in
the average of each group, we used a threshold Z-
score¼ 3.09, p< 0.001, for each voxel,34 and adopted the
correction by clusters at a significance level of p< 0.05. For
comparison between groups, we used the less restrictive
voxel Z-score¼ 2.3 to avoid false negatives results,35 while
maintaining cluster significance level at p< 0.05.

Our primary hypothesis was that the PPPD group would
show greater reactivity to blocks of negatively-valenced
versus positively-valenced stimuli than the Recovered group.
We conducted a whole brain analysis and then focused
attention on threat assessment regions (e.g., amygdala,
limbic nuclei, and peri-limbic cortical areas) followed by
regions involved in vestibular and visual information proc-
essing and space-motion perception.

Results

►Table 1 shows comparisons of the demographics and
psychiatric status of participants in the PPPD and Recovered
groups. The average ageof participants in the two groupswas
similar. Average DHI scores indicated that participants with
PPPD were moderately handicapped, whereas individuals in
the Recovered group were minimally symptomatic. A signif-
icantly greater proportion of participants in the PPPD than in
the Recovered group screened positive for psychiatric dis-
tress on the SRQ-20. Self-ratings of depression (HADS-D and

BDI-II) showed that participants in the PPPD group were on
average mildly depressed, whereas those in the Recovered
group were not depressed. The PPPD group had a higher
average level of trait anxiety (STAI-T) than the Recovered
group, but state anxiety scores were mixed with the PPPD
group having a significantly higher average score on the
HADS-A, but not the STAI-S. ►Table 2 lists the illnesses that
caused initial vestibular and balance symptoms. More par-
ticipants in the PPPD group had a psychiatric trigger, where-
as more individuals in the Recovered group had a metabolic
trigger. Nonetheless, the acute illnesses of all participants in
both groups were recognized precipitants of PPPD.2,3,28,29

Taken together, the demographics, physical illness character-
istics, and psychological symptoms of participants in the
PPPD group were typical of patients with this disorder and
differed in expected ways from those in the Recovered
group.2,3,28,29

To assess the fidelity of our fMRI results, we reviewed
activation patterns in the visual cortex. Participants in both
groups showed activation of occipital lobes in response to
positive blocks of IAPS figures (►Fig. 2) and activation of the
occipital lobes plus superior frontal gyri, right middle and
inferior frontal gyri, middle and inferior temporal gyri,
borders of the intraparietal sulcus, and cerebellar hemi-
spheres (not midline structures associated with balance) in
response to negative blocks (►Fig. 3). There were no differ-
ences between groups in these responses. This indicated that
participants in both groups were attentive to the task and
registered expected differences between positive and nega-
tive blocks.36,37

Comparisons between groups identified deactivation of
the anterior cingulate cortex in the PPPD group, especially in
response to negative stimulus blocks, whereas the Recovered
group had little stimulus-induced activity in this region, such
that the negative versus positive contrast was significantly
different between groups (►Table 3, ►Fig. 4, right). In
contrast, the PPPD group showed significantly greater

Table 2 Causes of initial vestibular or balance symptoms

Initial Disease PPPD
group

Recovered
group

Primary psychiatric disorder 5 0

Metabolic dysfunction 4 7

Benign paroxysmal
positional vertigo

3 4

Costen syndrome 0 1

Xanthine abuse 0 2

Hormonal
(hypothyroidism)

0 1

Menierè disease 1 1

Dysautonomia 2 0

Proprioceptive
cervical syndrome

1 0

Total 16 16

Abbreviation: PPPD, persistent postural-perceptual dizziness.

Table 1 Demographics, dizziness handicap and psychological
status of participants

PPPD
group

Recovered
group

Significance
level

Age (years) 44.7� 8.3 46.5� 8.5 p¼ 0.54

Dizziness handicap
inventory
(DHI)

52.87 10.60 p¼ 0.00018�

Self-reporting
questionnaire
(SRQ-20)

11.12 3.44 p< 0.00001

State-trait anxiety
inventory
trait anxiety (STAI-T)

53.37 39.00 p< 0.000533

State-trait anxiety
inventory
state anxiety (STAI-S)

39.00 35.07 p¼ 0.34

Hospital anxiety and
depression scale
anxiety subscale
(HADS-A)

12.87 4.06 p< 0.00001

Hospital anxiety and
depression scale
depression subscale
(HADS-D)

7.31 2.56 p< 0.000016

Beck depression
inventory
(BDI)

13.67 5.00 p< 0.00001

Abbreviation: PPPD, persistent postural-perceptual dizziness.
�Mann-Whitney U-test (non-parametric distribution), Student t-test for
all others
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activation than the Recovered group in the left angular gyrus,
which is involved in spatial orientation and cognition38,39

(►Table 3, ►Fig. 4, left).
The within-group analyses of responses to negative versus

positivestimuliandnegativeversusneutral stimuli showedthat
the PPPD grouphad little activation of the amygdala to negative
or positive stimuli, whereas the Recovered group showed a
pattern of amygdala activation expected from emotionally-
valencedstimuli, specificallygreater tonegativethan topositive
picture sets (►Fig. 5).36,37 The Recovered group also showed
increased activity in the frontal regions closelyconnected to the

amygdala (e.g., left and right orbitofrontal cortex), which was
not seen in the PPPDgroup (►Table 3). Anopposite patternwas
identified in two brain regions involved in space-motion proc-
essing.40,41 The PPPD group, but not the Recovered group, had
increased activity in the intraparietal sulcus and parahippo-
campal gyrus (►Table 3).

Discussion

The demographics and illness characteristics of participants
with PPPD indicated that our study cohort, though small in

Fig. 2 Functional magnetic resonance imaging during visualization of positive blocks in recovered group (top) and persistent postural-
perceptual dizziness group (bottom).

Fig. 3 Functional magnetic resonance imaging during visualization of negative blocks in recovered group (top) and persistent postural-
perceptual dizziness group (bottom).
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number, was representative of women with this condi-
tion,2,3,33,34 and that recovered individuals offered a reason-
able comparison group to control for exposure to illnesses that
cause acute vertigo or dizziness.

The finding of reduced activity in the anterior cingulate
cortex in the PPPD group was compatible with the fMRI
results of Indovina et al,20 who found reduced responses in
this region to sound-evoked vestibular stimulation in
patients with CSD, and also consistent with the voxel-based
morphometric study of Wurthmann et al,21 who found
reduced gray matter volume of the anterior cingulate in
patients with PPV, both compared with healthy controls.
Thus, alterations in structure or function of the anterior

cingulate cortex have been found in all three neuroimaging
studies of PPPD, CSD, and PPV reported to date, identifying
this as an important region for pathophysiologic processes in
the brain in PPPD. Activity in the anterior cingulate also may
have been affected by the mild-to-moderate levels of trait
and state anxiety reported by participants with PPPD in this
study, as reduced anterior cingulate responses were ob-
served in children and adolescents with anxiety disorders
and combat veteranswith posttraumatic stress disorder.42,43

The absence of significant differences in activity in the
amygdala in the negative versus positive and negative versus
neutral contrasts in the PPPD group was contrary to expect-
ations, particularly as the Recovered group responded in the

Table 3 Responses of brain regions to positive, negative, and neutral stimulus blocks

Significant differences between groups in responses to negative versus positive stimuli

Regions
within clusters

MNI
coordinates

Cluster
size (mm3)

Maximum
Z-value

Cluster
p-value

PPPD< Recovered Anterior cingulate cortex� 19, 36, -8 6,526 4.14 0.00147

PPPD> Recovered Left angular gyrus -41, -62, 46 5,459 4.64 0.00503

Significant differences within the PPPD group in responses to negative versus positive stimuli ��

Right intraparietal sulcus 34, -59, 44 6,328 5.75 5.96� 10�8

Significant differences within the PPPD group in responses to negative versus neutral stimuli ��

Right parahippocampal gyrus Brainstem 18, -33, -1 1,151 4.33 0.0379

Significant differences within the Recovered group in responses to negative versus positive stimuli ���

Left amygdala� -21, -3, -17 2,068 4.74 0.00153

Right amygdala� 18, -1, -11 1,242 4.85 0.0232

Significant differences within the recovered group in responses to negative versus neutral stimuli ���

Left orbitofrontal cortex�

Left inferiofrontal cortex
Left temporal pole

-43, 30, 7 7,272 5.38 1.20� 10�8

Left middle frontal gyrus -45, 8, 53 4,451 4.85 4.410�6

Right orbitofrontal cortex�

Right temporal pole
24, -22, -9 4,381 4.68 5.19� 10�6

Right amygdala�

Brainstem
39, 25, -28 1,535 4.90 0.0104

Abbreviations: MNI, Montreal Neurological Institute; PPPD, persistent postural-perceptual dizziness.

Fig. 4 Left: functional magnetic resonance imaging signal variation map during the visual paradigm in persistent postural-perceptual dizziness
group versus recovered group, in the subtraction of negative from positive contrasts (negative > positive). Right: functional magnetic resonance
imaging signal variation map during the visual paradigm in persistent postural-perceptual dizziness group versus recovered group, in the
subtraction of positive from negative contrasts (positive> negative).
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expected manner, not only in the amygdala, but also in
orbitofrontal and inferiofrontal cortices that regulate emotion-
al behavior via their interconnections with the amygdala.44,45

This unexpected finding was even more striking considering
that participants in thePPPDgroup reportedmild-to-moderate
anxiety and depressive symptoms. Imaging studies of patients
withanxietydisorders and investigationsofnormal individuals
using fear-conditioning paradigms have consistently found
increased activity in the amygdala in response to emotionally
charged stimuli with negative stimuli generating the strongest
responses.36,37,44

One explanation for these contrary results is that they
were spurious, arising from problems with experimental
design and procedures. However, two findings lend credence
to our results. Participants in both groups were attentive and
reactive to the experimental task, as demonstrated by brain
activation patterns to positive and negative stimuli in occip-
ital and frontal cortices (►Figs. 2 and 3). Also, participants in
our Recovered group demonstrated the pattern of amygdala
activation expected from prior investigations of this
type.36,37,44 Thus, the unexpected results of the PPPD group
were not likely due to faulty experimental factors.

A second explanation is that activity trulywas suppressed in
the amygdala and associated emotional processing regions in
patients with PPPD. On first glance, this is difficult to reconcile
with clinical research data on the multiple roles of anxiety-
related factors in PPPD2,3 and its precursors,4,5,7,9,11–16,28

neuroanatomical evidence of close linkages between vestibular
and anxiety systems at multiple levels in the brain,46 and
neuroimagingdata showing increasedactivityand connectivity
between vestibular, visual, and anxiety regions mediated by
neuroticism and introversion in normal individuals.18,19 How-
ever, it could have occurred if participants in the PPPD group
responded more to spatial elements of the stimuli than their

emotional contentor if activity in the amygdalawas suppressed
by the potentially noxious nature of the visual task.

The possibility that participants with PPPD may have
responded to spatial elements of the pictures is supported
by our finding of activations of brain regions involved space-
motion processing within the PPPD group. The activated areas
included theleft angular gyrus,which is involved in translating
spatial elements of external stimuli (e.g., left side-right side)
into internal mental representations,38,39 the intraparietal
sulcus, which contains topographic maps of visual space,40

and the parahippocampal gyrus, which supports contextual
processing of spatial elements of visual scenes and navigation
tasks.41 This pattern of activation of space-motion regionswas
not observed in the Recovered group. Therefore, even though
the stimuli were stationary, our results suggest that their
spatial elements were more compelling than their emotional
content to participants with PPPD.

Many patients with PPPD report that their longstanding
symptoms are bothersome, more than anxiety-provoking. In
contrast to the fear and anxiety that patients often experi-
ence during their initial vestibular and balance symptoms,
they find chronic dizziness and situations that provoke it to
be frustrating and unpleasant, including tasks that require
sustained visual focus on electronic screens.2 Neuroimaging
research using painful stimuli found decreased activity in the
amygdala, whichwas thought to arise from inhibitory effects
of higher-level brain mechanisms during noxious tasks.47

Participants in our study were not overtly distressed by
the experimental paradigm, most likely because it was short
in duration (< 10minutes) and did not involve particularly
troublesome (e.g., moving) stimuli. However, reduced acti-
vation of the amygdala in the PPPD group could have
reflected a subtle, perhaps anticipatory, reaction to the
possibility that the task might be noxious.

Fig. 5 (A) β-values in left and right amygdalae in recovered group (B) β-values in left and right amygdalae in persistent postural-perceptual
dizziness group
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Taken together, these results make it difficult to conceptu-
alize PPPD as a simple phobic condition or one in which fear
conditioning has a sustaining role. Initial descriptions of both
PPV and CSD invoked fear conditioning as a pathophysiologic
process,4,8 but subsequent reports offeredmore sophisticated
hypotheses.3 Brandt and Dieterich4,48 postulated that the
pathophysiologic mechanism underlying PPV is a disturbance
of space constancy, which involves instinctive awareness of
differences between actual and desired movements and re-
flexive actions to correct those differences. Individuals with
PPVare thought tobeoverly focused oneven small differences,
causing them to make repeated and unnecessary corrections.
In the present fMRI study of PPPD and the previous one of
CSD,20 activity in the anterior cingulate cortex was reduced.
One of the roles of the anterior cingulate is to compute an error
signal between predicted and observed activities to adjust
attention and modify behavior as needed.43,49 Thus, reduced
activity of the anterior cingulate may align with a potential
problem of space constancy in PPPD.

Staab13 hypothesized that the pathophysiologic mecha-
nism responsible for CSD is a failure of readaptation, in which
patients continue to use high-threat locomotor strategies long
after they are necessary. When the illnesses that trigger PPPD
are active, stiffened postural control and visual dependence
may be effective countermeasures for vestibular and balance
symptoms, but they are not needed after the precipitants
remit. The activation of visuospatial regions of the brain
observed in the PPPD group in this study may have been a
manifestation of persisting visual dependence, prioritizing
attention to spatial elements in the visual field to identify
orienting cues. When combined with the results of Indovina
et al,20 which showed widespread reductions in connectivity
of cortical networks linking threat assessment with space-
motion information processing, the current findings support
thehypothesis that higher-levelmechanismsmay insufficient-
ly check reflexive actions, such as stiffened postural control
and visual dependence, causing these to persist rather than
reset back to normal in patients who develop PPPD.8,20,50 The
hypotheses of Brandt and Dieterich4,48 and Staab8 are com-
plementary, as space constancymay be one of thehigher-level
processes that is functionally impaired in patientswith PPPD.3

Conclusion

The results of this fMRI investigation of the functional vestibu-
lar disorder now known as PPPD extended the findings of
Indovinaet al20andwerecompatiblewith thoseofWurthmann
et al.21 Although some of the results were contrary to expect-
ations, further consideration found them to support increas-
ingly sophisticated hypotheses about the nature of PPPD,2,3

which recognize that anxiety-related factorsmayconfer risk for
the disorder and play a role in its genesis, but emphasize
unnecessarily persistent functional alterations in locomotion
(i.e., stiffened posture control) and visuospatial perception (i.e.,
visual dependence) as likely sustaining mechanisms, possibly
maintained by a breakdown in space constancy.

Limitations of this study include the small female-only
cohort and the fact that some of the results were identified

only within and not between groups. Future investigations
will be needed to replicate these results and extend them to
men and women of all ages over the entire course of PPPD,
from the initial triggering events through the onset of
chronic symptoms to resolution of the disorder with effec-
tive treatment. Coupling prospective imaging data with
physiologic markers of stiffened postural control and visual
dependence should provide a more complete picture of the
underlying mechanisms of PPPD.
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