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A B S T R A C T

Background: Persistent postural-perceptual dizziness (PPPD) is a functional vestibular disorder characterized by
persistent dizziness, unsteadiness, and non-spinning vertigo. It is the most common cause of chronic vestibular
syndrome, but its pathogenesis is currently unclear. Recent studies have indicated that sensory integration may
be altered in PPPD patients.
Objective: Using independent component analysis (ICA) combined with seed-based functional connectivity
analysis, we aimed to analyze changes in brain network functional connectivity (FC) in PPPD patients during the
resting state and to explore the underlying pathogenesis of PPPD, particularly the abnormal integration of
multiple sensations.
Methods: Study subjects included 12 PPPD patients and 12 healthy controls and were recruited from January to
August 2018. Detailed medical data were collected from all participants. Vestibular function, neurological and
medical examinations were conducted to exclude other diseases associated with chronic dizziness. Functional
MRI was performed on all subjects. ICA and seed-based functional connectivity analysis were performed to
examine changes in intra- and inter-network FC in PPPD patients.
Results: In total, 13 independent components were identified using ICA. Compared with healthy controls, PPPD
patients showed decreased intra-network FC in the right precuneus within the posterior default mode network.
Moreover, seed-based functional connectivity analysis showed decreased intra-network FC between the right
precuneus and the bilateral precuneus and left premotor cortex, and enhanced FC between the right precuneus
and bilateral corpus callosum. With respect to the inter-network, FC in PPPD patients was increased between the
occipital pole visual network and auditory, sensorimotor networks, as well as the lateral visual and auditory
networks. Additional analyses showed that FC changes were negatively correlated with dizziness handicap in-
ventory functional scores.
Conclusion: In PPPD patients, dysfunction in the precuneus may cause abnormalities in external environment
monitoring and in posture and movement regulation. Compensatory strategies may then be adopted to maintain
balance. At the local level, information exchange between the two cerebral hemispheres is enhanced via the
corpus callosum. At the whole brain level, through enhancement of functional activities of the visual network,
the integration of multiple sensations and the regulation of posture and movement are primarily driven by visual
information.

1. Introduction

Persistent postural-perceptual dizziness (PPPD) is a functional ves-
tibular disorder with clinical symptoms, such as persistent dizziness and
unsteadiness, and is the most common cause of chronic vestibular
syndrome (Bittar and Lins, 2015; Staab et al., 2017a). The criteria for
diagnosis of PPPD were formally presented in 2017 and include phobic
postural vertigo, space and motion discomfort, visual-induced dizziness
(VID), and chronic subjective dizziness (CSD). The variation in these

diagnoses may reflect different perspectives on the potential patho-
genesis of PPPD, which to date, remains unclear.

Visual aggravation of dizziness and instability are characteristic
manifestations of PPPD (Staab et al., 2017a), suggesting that integra-
tion of visual and vestibular sensations in PPPD patients may be ab-
normal. With greater research into this area, substantial evidence has
accumulated that abnormalities in multi-sensory information proces-
sing and integration may be involved in the occurrence of PPPD
(Indovina et al., 2015; Lee et al., 2018a; Staab et al., 2017b;
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Van Ombergen et al., 2017a). In recent years, investigators have ex-
plored abnormalities in sensory integration in patients with PPPD using
functional connectivity (FC) analysis. Van Ombergen et al. (2017a)
found that FC was decreased in the superior temporal gyrus and en-
hanced in the occipital lobe in VID patients by using intrinsic con-
nectivity contrast analysis. Moreover, seed-based analysis revealed in-
creased FC between the visual cortex and the middle frontal gyrus and
precuneus. These changes in FC between the visual cortex and vestib-
ular cortex could explain why dizziness occurs in VID patients following
exposure to complex visual environments. Lee et al. (2018a) performed
whole brain and region of interest (ROI)-based FC analysis in 38 PPPD
patients, and the results showed that FC between the left superior oc-
cipital gyrus and the left middle frontal gyrus was increased. These data
indicate that the interaction between the visual and vestibular cortices
of PPPD patients was altered and suggests that this interaction was
driven primarily by visual information. Indovina et al. (2015) per-
formed a task-based functional MRI (fMRI) study in 18 patients with
CSD using sound-evoked vestibular stimuli (a VEMP-type stimulus).
These investigators found that FC between the anterior insula and su-
perior temporal gyrus, the anterior insula and middle occipital gyrus,
the hippocampus and superior temporal gyrus, the anterior cingulate
cortex and superior temporal gyrus were all changed in CSD patients.
FC changes between the anterior insula and the middle occipital gyrus
may be associated with visual-dependence in CSD patients. In our
previous study, we found that spontaneous functional activities of the
right precuneus and cuneus of PPPD patients was weakened, which may
lead to abnormal integration of visual-vestibular information. Further
FC analysis revealed a weakened FC between the precuneus and left
precentral gyrus. These results suggested that the ability to adjust
posture and movement using vestibular and visual information is im-
paired and that the integration of multiple sensations and regulation of
sensorimotor skills may be abnormal in PPPD patients (Li et al., 2019).

These important findings indicated that the interaction between the
visual cortex and the vestibular cortex of PPPD patients has clearly
changed. However, these previous studies focused mainly on seed-
based and ROI-based FC analyses, which are limited as they represent
FC changes in only a selected seed region or ROI. However, the human
brain is a complex, dynamic system and relies on a network of multiple
brain regions and synergy between multiple neural networks
(Perlbarg and Marrelec, 2008). Therefore, FC analysis of brain networks
using independent component analysis (ICA) may be more useful in
exploring the changes in sensory integration and understanding the
pathogenesis of PPPD.

We therefore performed ICA and seed-based functional connectivity
analysis to investigate the changes in brain network FC in PPPD pa-
tients and to explore the underlying pathogenesis of PPPD, particularly
the abnormal integration of multiple sensations.

2. Subjects

Twelve PPPD patients were enrolled in this study between January
and August 2018. All subjects volunteered to participate in this study
and signed informed consent. This study was approved by the Ethics
Committee of Peking University Aerospace School of Clinical Medicine,
China. Detailed medical information was collected for all subjects.
Videonystagmography (VNG), vestibular caloric test, video head im-
pulse test (vHIT), and VEMPs were performed to exclude peripheral
vestibular lesions. MRI was further performed to exclude focal lesions
and other neurological diseases. Other examinations, including blood
pressure, blood routine test, and electrocardiogram were conducted to
exclude other medical diseases associated with chronic dizziness. The 7-
item Generalized Anxiety Disorder scale (GAD-7) and 9-item Patient
Health Questionnaire depression scale (PHQ-9) were used to assess
anxiety and depression levels in patients with PPPD. Meanwhile, the
subjective vestibular disability score (SVDS), the clinical vestibular
score (CVS), and the dizziness handicap inventory score (DHI) were

applied to evaluate patients' symptoms. The diagnosis of PPPD was
based on the diagnostic criteria of Bárány Society (the 2017 edition).
Simultaneously, 12 age- and gender-matched healthy controls were
included. All healthy controls had no history of headache or dizziness
and no serious medical diseases. Then, all subjects were further scanned
for fMRI.

3. fMRI data acquisition

All images were acquired using 3.0-Tesla MR (MAGNETOM Skyra
syngo MR D13; Siemens, Germany) with a 32-channel head & neck coil.
During image acquisition, the head of the subjects was fixed using foam
padding to reduce head movement and earplugs were utilized to
minimize scanner noise. Subjects were instructed to relax, keep eyes
closed, but stay awake during scanning. The structural images were
recorded using three-dimension magnetization-prepared rapid gra-
dient-echo (MP-RAGE) sequence with the following parameters: re-
petition time (TR) = 1900 ms, echo time (TE) = 2.43 ms, flip
angle = 8°, field of view (FOV) = 256 × 256 mm2, voxel size:
1.0 × 1.0 × 1.0 mm3, a total of 192 slices were acquired. The func-
tional images were recorded using an echo-planar imaging (EPI) se-
quence with the following parameters: TR = 2000 ms, TE = 30 ms, flip
angle = 90°, FOV = 222 × 222 mm2, voxel
size = 3.0 × 3.0 × 3.0 mm3. A total of 200 volumes were collected
with a scanning time of 6 min and 48 s. All subjects remained awake
during the scan and there was no significant discomfort during or after
scan.

4. Pre-processing of fMRI data

4.1. Independent component analysis

The first 10 time points of the functional imaging were deleted
because of the instability of the initial MRI signal and the need for
participants to adapt to the scanning environment. Slice timing and
realignment were then conducted to ensure the accuracy of the posi-
tional information. The subjects who had more than a 1.5 mm head
movement in the x, y, or z direction and a 1.5˚ head rotation were re-
moved from the analysis. Furthermore, fMRI images were spatially
normalized to the Montreal Neurological Institute space using DARTEL,
and resampled at a resolution of 3 × 3 × 3 mm3 cubic voxels. fMRI
images were then smoothed with a Gaussian kernel of 8 × 8 × 8 mm3

using full width at half maximum to reduce registration errors and in-
crease the normality of the data.

4.2. Seed-based functional connectivity analysis

The data processing was performed as follows: (1) deletion of the
first 10 time points; (2) slice timing; (3) realignment; (4) spatial nor-
malization; (5) regression: a linear regression model was used to re-
move the interference signal in the BOLD signal. In this study, the re-
gression interference signal includes linear drift, head motion
parameter signals, white matter signal, and spinal fluid signal; (6) band-
pass filtering: the time series for each voxel was temporally band-pass
filtered (0.01–0.1 Hz) to reduce low-frequency drift and physiological
high-frequency noise.

5. Indicator calculation and analysis

5.1. Independent component analysis

ICA was performed using GIFT software (Version 3.0a, http://
mialab.mrn.org/software/gift/index.html). (1) Data reduction was
conducted using principle component analysis; (2) the minimum de-
scription length was used to estimate the number of independent
components; (3) the infomax algorithm was utilized for group analysis
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of ICA. To ensure data reproducibility, we performed the ICASSO 100
times; (4) the independent component (IC) time courses and spatial
map of individual subjects were reverse reconstructed using Spatial-
temporal Regression. After the reverse reconstruction, the time course
of each participant's IC and space IC was acquired, and the spatial map
was converted into a Z-score.

5.2. Intra-network FC

For each IC of each subject, a one-sample t-test was performed in
healthy controls and PPPD patients to create a sample-specific com-
ponent map and a network mask. Multiple comparisons were corrected
with a false discovery rate (FDR) method (P< 0.05). Each mask of the
healthy controls and PPPD patients was further combined into a total
MASK for each component. A two-sample t-test with regressing cov-
ariates, such as age and gender, was conducted to compare the differ-
ences in FC between PPPD patients and healthy controls of each com-
ponent within the corresponding network mask. The results of multiple
comparisons were corrected by family-wise error (FWE) (P < 0.05).
And due to the small sample size of our study, we re-analyzed the
comparison of patients and controls using threshold-free cluster en-
hancement (TFCE) with 5000 permutations via the TFCE toolbox for
SPM.

5.3. Inter-network FC

For each subject, the time series of each network component was
extracted to calculate the Pearson correlation coefficient (r) of each
network component and other network time series, namely functional
network connectivity (FNC). The resulting r values were normalized
into Z values by Fisher-Z transformation (Liu et al., 2017). A 13 × 13
matrix was then obtained. A two-sample t-test was conducted to com-
pare the differences in FNC between PPPD patients and healthy con-
trols. The results of multiple comparisons were corrected for FDR
(P < 0.05).

5.4. Seed-based functional connectivity analysis

Based on intra-network FC analysis, areas with altered intra-net-
work FC were selected as seeds to further explore FC changes between
brain regions. The average time series in the seeds were extracted.
Pearson correlation coefficients between the time series of the seeds
and all other voxels in the whole brain and each component were cal-
culated to obtain FC (Liu et al., 2015). Then the images were smoothed
with a Gaussian kernel of 8 × 8 × 8 mm3 to reduce registration errors
and increase the normality of the data. The resulting r values were
normalized into Z values by Fisher-Z transformation for further com-
parison between groups (Liu et al., 2017).

5.5. Correlation analysis

Correlation analysis of intra- and inter-network FC, and seed-based
FC with duration of medical history, DHI, SVDS, CVS, GAD7, PHQ9
scores were further performed to examine the correlation between FC
changes and clinical manifestations in PPPD patients.

6. Results

6.1. Clinical data

Eight males and four females were included. All participants were
right-handed. The mean age was 44.25 ± 10.73 years, mean SVDS was
9.09 ± 4.93, mean CVS was 4.58 ± 2.84, mean GAD7 score was
9.09 ± 4.93, mean PHQ9 score was 4.58 ± 2.84, mean DHI score was
53.92 ± 8.87, mean DHI-P score was 15.50 ± 3.09, mean DHI-E
score was 16.17 ± 5.62, and mean DHI-F score was 16.17 ± 5.62

(Tables 1, 2).

7. fMRI data

7.1. Resting-state network components

Network components were identified in accordance with a previous
study (Smith et al., 2009). In total, 13 independent components were
obtained (Fig. 1), including the anterior default mode network (aDMN),
posterior default mode network (pDMN), occipital pole visual network
(oVN), medial visual network (mVN), lateral visual network (lVN),
auditory network (AN), sensorimotor network (SMN), executive control
network (ECN), cerebellar network (CB), salience network (SN), dorsal
attention network (DAN), right frontoparietal network (rFPN), and left
frontoparietal network (lFPN).

7.2. Intra-network FC

For the pDMN, FC in the right precuneus in PPPD patients was
significantly decreased (X = 21, Y=−69, Z = 36, k = 23, P = 0.045,
FWE corrected, Fig. 2). Results from TFCE also revealed decreased FC in
the right precuneus of the pDMN in PPPD patients (X = 21, Y=−69,
Z = 36, k = 8, P < 0.05, TFCE-FWE corrected, Fig. 3). Further seed-
based functional connectivity analysis revealed decreased FC between
right precuneus and bilateral precuneus (X = 12, Y=−84, Z = 39,
k = 484, P < 0.001, FWE corrected), and enhanced FC between right
precuneus and bilateral corpus callosum (X=−6, Y=−36, Z = 27,
k = 76, P = 0.013, FWE corrected, Fig. 4, 5). In the whole brain, de-
creased FC was observed between the right precuneus and the bilateral
precuneus, cuneus (X = 12, Y=−84, Z = 3, k = 2037, P<0.001, FWE
corrected), and left premotor cortex (X=−36, Y=−12, Z = 5,
k = 159, P = 0.017, FWE corrected, Fig. 6,7). There was no significant
difference in FC within other network components between PPPD pa-
tients and healthy controls.

7.3. Inter-network FC

Compared with healthy controls, FC in PPPD patients was enhanced
between the oVN and AN, the oVN and SMN, as well as the lVN and AN
(P < 0.05, FDR corrected, Fig. 8).

7.4. Correlation analysis

Using baseline data from patients, correlation analysis of changes in
intra- and inter-network FC and seed-based FC was performed. Since
the abnormal areas revealed by seed-based functional connectivity
analysis were large, a total of nine ROIs were selected in this area for
further correlation analyses (Table 3). The results showed that de-
creased FC between the precuneus and ROI1 (r=−0.648, P = 0.023),
ROI2 (r=−0.580, P = 0.048), ROI3 (r=−0.628, P = 0.029), ROI4
(r=−0.660, P = 0.019), ROI5 (r=−0.642, P = 0.025), ROI6
(r=−0.654, P = 0.021), and ROI7 (r=−0.627, P = 0.029) was ne-
gatively correlated with the DHI-F score. FC between the lVN and AN
was positively correlated with DHI-F score in PPPD patients (r = 0.613,
P = 0.034).

8. Discussion

8.1. Altered intra-network FC in PPPD patients

Previous studies have shown that the DMN can be classified into the
anterior and posterior DMN (aDMN and pDMN, respectively)
(Buckner et al., 2008; Raichle, 2015). The aDMN contains the medial
prefrontal lobe and is mainly associated with integration, planning and
control. The pDMN contains the posterior cingulate gyrus and pre-
cuneus, which are mainly involved in self-centered cognition and
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attention monitoring (Raichle, 2015). The precuneus is an important
node of the pDMN and has the highest resting metabolic rate. It parti-
cipates in the integration of visual and vestibular information and plays
an important role in spatial positioning and spatial perception
(Cavanna and Trimble, 2006; Fransson and Marrelec, 2008;
Margulies et al., 2009; Utevsky et al., 2014). In our previous studies, we
found that amplitude of low frequency fluctuation and regional
homogeneity values in the right precuneus were significantly lower in
PPPD patients than in controls, indicating a decrease in spontaneous
functional activity of the precuneus (Li et al., 2019). In the present
study, the intra-network FC analysis showed decreased FC in the pre-
cuneus within the pDMN in PPPD patients. These results confirm our
previous data and suggest that PPPD patients can no longer monitor the
external environment, aggravating their symptoms of dizziness. Fur-
thermore, seed-based functional connectivity analysis showed de-
creased FC between the precuneus and bilateral precuneus, which is
also consistent with our previous studies. We speculate that decreased
FC in the precuneus within the pDMN is possibly induced by weakened
FC between the precuneus and bilateral precuneus. It is worth noting
that the brain regions with abnormal FC were larger and more obvious
than those found in previous studies, indicating that brain regions with
abnormal spontaneous functional activity may be more extensive in
PPPD patients than previously thought.

Seed-based functional connectivity analysis also showed weakened
FC between the precuneus and premotor cortex, and this may be as-
sociated with abnormal posture control in PPPD patients. The posterior
parietal cortex, including the precuneus, integrates sensory information
to form an internal estimation model. It then transmits sensory in-
formation to the supplementary motor and premotor areas, thereby
participating in motor and posture control (Hoshi and Tanji, 2007;
Shadmehr, 2017; Takakusaki, 2017a). In PPPD patients, decreased FC
between the precuneus and premotor cortex may lead to abnormal

information transmission from the posterior parietal cortex to the pre-
motor area. This might result in insufficient ability to adjust posture
and movement using the integrated information, leading to postural
instability. When patients are upright and in active/passive motion,
their inability to adjust movement and posture is exacerbated, and
symptoms of dizziness and unsteadiness are then aggravated. Moreover,
the spontaneous functional activities of the precuneus and cuneus are
weakened, and FC between the precuneus, cuneus, and premotor cortex
are decreased. We speculate that functional changes in the brain of
patients with PPPD may involve abnormalities of the cuneus-precuneus-
premotor cortex loop.

Seed-based functional connectivity analysis also revealed increased
FC between the precuneus and bilateral corpus callosum, which may be
a result of compensation. Normal activity of the brain is based on the
interaction of the bilateral cerebral hemispheres, and the corpus cal-
losum allows the two hemispheres to communicate with one another,
which facilitates coordination and integration (Hoptman and
Davidson, 1994; Stark et al., 2008). In PPPD patients, FC in the right
precuneus is weakened and the balance of activity between the bilateral
precuneus is altered, resulting in a decreased synergistic effect of the
bilateral precuneus. Correspondingly, the body also adopts a series of
compensatory strategies. Enhanced FC between the precuneus and
corpus callosum increases exchange of information between the bi-
lateral hemispheres, thereby compensating for the imbalance of func-
tional activity of the bilateral precuneus.

8.2. Altered inter-network FC in PPPD patients

8.2.1. Enhanced FC between the VN and AN in PPPD patients
Human perception of ourselves and of external space is a complex

process, involving the integration of different sensory information, such
as vision, hearing, vestibular sense, and proprioception

Table 1
Clinical baseline data of patients with persistent postural-perceptual dizziness.

NO. Age (year) Duration (month) DHI DHI-P DHI-E DHI-F SVDS CVS GAD7 PHQ9

P01 35 6 40 12 10 18 5 2 8 1
P02 34 3 58 18 14 26 5 0 5 5
P03 57 8 62 14 26 24 6 8 7 1
P04 62 120 65 18 20 28 12 9 8 6
P05 46 156 52 20 12 20 22 5 9 3
P06 55 36 56 12 22 22 3 3 7 1
P07 32 12 50 18 10 22 8 0 10 5
P08 40 6 52 10 20 22 8 5 13 6
P09 49 7 64 18 20 26 11 4 9 4
P10 33 3 60 12 25 23 6 3 7 3
P11 53 12 60 13 20 24 5 3 7 2
P12 35 6 40 12 10 18 5 2 9 1

DHI, dizziness handicap inventory score; DHI-F; DHI-functional score; DHI-E, DHI-emotional score; DHI-P, DHI-physical score; SVDS, subjective vestibular disability
score; CVS, clinical vestibular score, GAD-7, 7-item Generalized Anxiety Disorder scale, PHQ-9, 9-item Patient Health Questionnaire depression scale.

Table 2
Clinical characteristics of patients with persistent postural-perceptual dizziness.

NO. Core vestibular symptoms Increased as the day progressed Exacerbating factors
Dizziness Unsteadiness Non-spinning vertigo Upright posture Active or passive motion Complex visual environment

P01 √ √ √ √ √ √
P02 √ √ √ √ √ √ √
P03 √ √ √ √ √ √
P04 √ √ √ √ √
P05 √ √ √ √ √ √
P06 √ √ √ √ √ √
P07 √ √ √ √ √ √
P08 √ √ √ √ √
P09 √ √ √ √ √ √
P10 √ √ √ √ √ √
P11 √ √ √ √ √ √
P12 √ √ √ √ √ √
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(Bronstein, 2016; Takakusaki, 2017b). Studies have shown that hearing
plays an important role in spatial perception and spatial orientation
(Adams, 2016; Jaekl et al., 2014; Kaposvari et al., 2015;
Odegaard et al., 2015; Oh et al., 2018; Wada et al., 2003). Humans can
locate the position of a sound by comparing auditory information ar-
riving at each ear, forming auditory spatial perception centered around

the head (Wada et al., 2003). Moreover, through the integration of
visual and vestibular information and the integration of different spatial
references, the accuracy of spatial perception is improved, and a clear
spatial map is formed (Bronstein, 2016; Jaekl et al., 2014;
Kaposvari et al., 2015; Odegaard et al., 2015; Oh et al., 2018;
Wada et al., 2003). In our study, the enhanced FC between the VN and

Fig. 1. Totally 13 independent components identified via independent component analysis.

Fig. 2. Decreased functional connectivity in right precuneus within posterior default mode network in patients with persistent postural-perceptual dizziness.
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AN indicates that integration of visual and auditory information is al-
tered and is driven more by visual rather than auditory information.

It is worth noting that the temporal and parietal cortices around the
Sylvian fissure are an integrated region of the auditory-vestibular
system and are the core of the multisensory vestibular cortex
(Klingner et al., 2013). In a previous fMRI study of PPPD, the vestibular
cortex showed an enhanced FC to the occipital lobe and was also lo-
cated in this area (Indovina et al., 2015; Lee et al., 2018a;
Van Ombergen et al., 2017a). We speculate that the enhanced FC be-
tween the VN and AN not only affects the integration of visual and
auditory information, but also affects the integration of visual and
vestibular information. Previous studies have performed brain func-
tional imaging in patients with PPPD and found that FC between the
visual and vestibular cortices is increased, indicating that visual-ves-
tibular integration is driven primarily by visual information(Lee et al.,

2018b; Van Ombergen et al., 2017b).
Our results are consistent with those of previous studies. We ob-

served direct changes in FC between the visual and vestibular cortices
at the network level and enhanced FC between the VN and AN. These
results reflect altered visual-vestibular-auditory integration in PPPD
patients, which appear to be driven more by visual than auditory in-
formation. Dysfunction in the precuneus causes abnormalities in spatial
perception and abnormal vestibular information integration. As a re-
sult, the body appears to initiate a series of pathological compensation
strategies, which then alters sensory system integration.

8.2.2. Enhanced FC between the SMN and oVN in PPPD patients
The SMN mainly consists of the postcentral gyrus, precentral gyrus

and premotor area, and its main function is to execute and coordinate
movement (Smith et al., 2009). In the present study, we speculated that

Fig. 3. Decreased functional connectivity in right precuneus within posterior default mode network in patients with persistent postural-perceptual dizziness (TFCE-
FWE corrected).

Fig. 4. Decreased functional connectivity between precuneus and bilateral precuneus within posterior default mode network in patients with persistent postur-
al–perceptual dizziness.
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the enhanced FC between the SMN and oVN is a result of compensation.
The role of the SMN in the regulation of body and posture may be
driven primarily by vision, which can compensate for the inability of
the body to use vestibular information to regulate movement and
posture caused by decreased FC between the precuneus and premotor
cortex. However, this compensation also has limits. Previous studies
have found that body sway in PPPD patients is more obvious than other
symptoms because of its visual impact. Patients showed increased vi-
sual dependence, which aggravates the patient's instability in complex
visual environments (Sohsten et al., 2016).

Changes in inter-network FC in PPPD patients may reflect sensory
reconstruction of visual-vestibular-proprioceptive senses, with PPPD
patients showing increased visual dependence. With vision as the

primary cue, multiple brain networks work together to maintain body
balance and posture regulation. This study is the first to analyze al-
terations in brain network FC in PPPD patients using ICA and seed-
based functional connectivity analysis. It is vital to understand ab-
normalities in sensory integration of PPPD. Altered network FC in PPPD
patients also confirmed abnormal information integration in PPPD pa-
tients.

However, there are still some limitations in this study. The sample
size of this study is small, which might have affected the results, and
hence, in the current study, we used TFCE method with 5000 permu-
tations to correct for multiple comparisons, the results also demon-
strated altered FC in precuneus in PPPD patients. Therefore, we spec-
ulate that the dysfunction of precuneus may play an important role in

Fig. 5. Enhanced functional connectivity between precuneus and the bilateral corpus callosum in patients with persistent postural–perceptual dizziness.

Fig. 6. Decreased functional connectivity between right precuneus, bilateral precuneus and cuneus in patients with persistent postural–perceptual dizziness.
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the occurrence and development of PPPD. These findings will require
replication in a larger study. Furthermore, we enrolled PPPD patients
without peripheral vestibular lesions in the current study. PPPD is a
highly heterogeneous disease with a variety of different triggering
factors and comorbidities, classified and stratified studies in future are
also needed to investigate the changes of brain FC in PPPD patients who
had different triggering factors and comorbid conditions.

9. Conclusions

In PPPD patients, dysfunction of the precuneus may impair the
body's ability to monitor the external environment and to regulate

Fig. 7. Decreased functional connectivity between precuneus were and left premotor cortex.

Fig. 8. Altered inter-network functional connectivity in patients with persistent postural–perceptual dizziness. Functional connectivity was increased between
occipital pole visual network and auditory, sensorimotor networks, as well as lateral visual and auditory networks in patients with persistent postural-perceptual
dizziness.

Table 3
The location of nine region of interests (ROIs).

ROI X Y Z Radius (mm)

ROI1 18 −81 33 6
ROI2 15 −72 6 6
ROI3 0 −72 21 6
ROI4 0 −84 15 6
ROI5 0 −81 33 6
ROI6 −6 −84 12 6
ROI7 −18 −90 27 6
ROI8 −39 −9 51 6
ROI9 −3 −36 27 6
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posture and movement. Then, the body has to adopt a series of com-
pensatory strategies. At the local level, the information exchanged be-
tween the two cerebral hemispheres is enhanced via the corpus cal-
losum. At the whole brain level, by enhancing functional activities in
the visual network, the integration of multiple sensations and regula-
tion of posture and movement are driven primarily by visual informa-
tion.
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