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Altered internetwork functional
connectivity and graph analysis of
occipital regions in patients with
chronic rhinosinusitis accompanied
by olfactory dysfunction
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Wangqing Zhou?, Suhong Qin?, Jing Ru* & Jian Jiang®™*

This study assessed whole-brain functional connectivity and network graph theory indices in patients
with chronic rhinosinusitis with (CRSwOD) and without (CRSsOD) olfactory dysfunction. We also
analyzed correlations between the abnormal network metrics and clinical indices. We acquired resting-
state functional magnetic resonance images from 31 patients with CRSsOD, 26 with CRSwOD, and

25 healthy controls (HCs). Functional connectivity was computed and graph theory metrics were
evaluated based on the Dosenbach-160 Atlas; relationships between neuroimaging indicators and
clinical scales were assessed using Pearson correlation analysis. The results showed that CRSsOD
patients had 11 edges with greater strength than HCs, CRSwOD patients had 1 greater edge than

HCs, and CRSsOD patients had 5 greater edges than CRSwOD patients. Nodal degree centrality and
efficiency in the right posterior occipital region were significantly altered in patients with CRSsOD
compared with those in CRSwOD and in HCs. Five and two edges correlated with clinical scales

in patients with CRSsOD and CRSwOD, respectively, whereas no correlations in global and nodal
indicators were found. These results imply that distinct brain network patterns, particularly in the
occipital cortex, could be a valid neuroimaging marker for related diagnosis and prognosis of CRSsOD
and CRSwOD patients, and contribute to our better understanding of the central neural mechanisms of
CRSwOD, providing new ideas for the clinical management of CRSwOD.

Keywords Chronic rhinosinusitis, Olfactory dysfunction, Occipital cortex, Functional connectivity, Graph
analysis

Chronic rhinosinusitis (CRS) is a common disease characterized by chronic inflammation of the nasal sinuses,
that lasts at least 12 weeks!. Olfactory dysfunction (OD) is a relatively common, but an often underestimated
problem associated with CRS, presenting in approximately 61-83% of patients®. In clinical practice, CRS can be
categorized into CRS with OD (CRSwOD) and CRS without OD (CRSsOD) according to the presence or absence
of OD in patients®. OD can lead to depression, impaired taste, malnutrition, and reduced danger detection which
can severely affect quality of life>*.

Normal, healthy nasal membranes transmit aroma information to the brain via the olfactory nerves, enabling
odor perception®. However, CRS-induced inflammation and congestion can hinder this process and lead to
reduced or lost olfactory function®’, however, the exact mechanisms remain unclear™. Advances in medical
imaging and endoscopic modalities have deepened the understanding of CRSwOD, which can be clinically
assessed using Lund-Kennedy Endoscopic system (LKES) and Lund-Mackay system (LMS) scores, Sniffin
Sticks olfactory tests (Sniffin Sticks threshold, discrimination, and identification, or TDI for short)>10, and the
Questionnaire of Olfactory Disorders-Negative Statements (QOD-NS)'°. Clinical olfactory assessment is time-
consuming, laborious, and somewhat subjective. In addition, some patients in clinical practice have normal
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scores on olfactory function tests but subjectively feel reduced olfactory ability, and deciding whether olfactory
ability is truly diminished or if treatment is needed for hyposmia or loss of olfactory function is challenging
under such situations!!. At the same time, there are some patients in clinical practice for whom the treatment
of OD is ineffective, and therefore an accurate assessment of their olfactory impairment should be performed
before starting treatment, which can help to predict their prognosis and provide appropriate counseling!?.

Functional magnetic resonance imaging (fMRI) is a noninvasive method that can objectively assess olfactory
function in patients and enhance the understanding of OD'3. The current belief is that OD leads to abnormal
activation and structural changes!*~'°. Brain activity in response to odor stimuli in olfactory-related areas such
as the pyriform cortex, amygdala, orbitofrontal cortex (OFC), insula, and anterior cingulate cortex is reduced in
patients with OD compared with that in healthy persons!”!%. Furthermore, temporary smell deprivation caused
by nasal passage closure modifies activity in brain areas related to processing smells'®. Previous fMRI studies
have largely focused on the olfactory-related regions in patients with CRSwOD'>-2°. However, patients with
CRSwOD often have taste, mood, and cognitive dysfunction!*?122, Our previous studies have found higher
resting state (rs)-fMRI values for regional homogeneity (ReHo) in cerebellar regions and lower values in the
inferior temporal gyrus, precuneus, postcentral, and paracentral gyri of patients with CRSwOD than in those
with CRSsOD'. Scores for the QOD-NS correlated negatively with ReHo levels in the precuneus and posterior
cingulate gyrus of patients with CRSwOD'>. We have also determined that long-term nasal inflammation
influences functional connectivity (FC) in the middle frontal gyrus and OFC, which may serve as a diagnostic
imaging marker'6. The significantly increased amplitude of low-frequency fluctuation (ALFF) in the OFC of
patients with CRS positively correlates with Hospital Anxiety and Depression Scale (HADS) scores'. Therefore,
analyzing abnormal changes in a single olfactory network cannot fully explain the neural mechanisms of
CRSwOD.

These previous studies suggest that patients with CRSwOD have abnormal neuronal activity in multiple
brain regions other than olfactory-related brain regions; however, the presence of abnormal functional network
connections between these brain regions remains unclear. Previously used methods (e.g., ReHo, ALFF, FC) have
assessed localized functional activities in the brain, and they have limitations in assessing functional interactions
or integration between different brain regions. Graph theory-based functional brain network analysis can
analyze complex intra- and inter-network functional connectivity at the whole-brain level. A comparison of
these research methods has been presented in tabular form in Supplementary Material S1. Our work advanced
the field through the following contributions: (1) The first use of whole-brain network analysis might provide
insights into OD due to CRS from different functional networks; (2) Graph analysis of functional connectivity
between or within networks might reveal collaborative interactions across the brain, providing new insights into
central mechanisms in CRSwOD patients; (3) Graph theory-based functional brain network analysis, we were
committed to finding network indicators in specific brain regions to be one of the neuroimaging markers for
identifying patients with CRSwOD.

Therefore, the aim of this study was to assess the functional connectivity of whole-brain networks and network
graph theory metrics in patients with CRSWOD and CRSsOD, and to analyze the correlation of these imaging
metrics with clinical indicators. In addition, this study proposed to look for network metrics in specific brain
regions so that CRSwOD patients can be identified among CRS patients, which may serve as a neuroimaging
marker to identify CRSwOD patients. Figure 1 shows the workflow of the study.

Methods
Participants
We recruited 57 patients, 31 and 26 with CRSsOD and CRSwOD, respectively, and 30 age-matched HCs. The
mean ages of the patients with CRSsOD and CRSwOD were 30.74+12.79 and 42.54 + 13.82 years, respectively.

The inclusion criteria were (1) right-handedness; (2) age 18-55 years; (3) bilateral chronic sinusitis with or
without OD clinically diagnosed by two head and neck surgeons according to the European Position Paper on
Rhinosinusitis and Nasal Polyps 2020; and (4) ability to cooperate with olfactory and imaging assessments. All
recruited patients underwent standard evaluations including endoscopy (assessed as LKES scores), computed
tomography of the sinuses (assessed as LMS scores), Patient Health Questionnaire-2 (PHQ-2) scores and the
Sniffin Sticks olfactory test (assessed as TDI scores). Participants were also interviewed using the QOD-NS.

Exclusion criteria included patients with (1) dementia or major depression identified using the PHQ-2; (2)
preexisting olfactory and gustatory dysfunction, previous head trauma, evidence of allergic rhinitis, or previous
chronic sinusitis surgery; neurological diseases or other serious illness; (3) diagnosis of any severe medical
condition including hemodynamic instability or significant cardiovascular disease; and (4) contraindications
for MRL

The Institutional Review Board and Medical Research Ethics Committee at the First Affiliated Hospital
of Nanchang University approved to this study (ethics approval code: (2022) CDYFYYLK (08-017)), which
complied with the ethical principles enshrined in the Declaration of Helsinki (2013 amendment). All recruited
patients and healthy volunteers provided written, informed consent to participate in this study and to publish
information and images in an online open access publication.

MRI acquisition

Images were acquired by MRI using a 3-Tesla MR unit (Discovery MR750; GE Healthcare, Milwaukee,
WI) equipped with an 8-channel phased array coil. The parameters for rs-fMRI acquisition were as follows:
acquisition, 240 time points; flip angle, 90°; matrix, 64 x 64; field of view (FOV), 220 x 220 mm; slice thickness,
4 mm, repetition time (TR), 2000 ms; echo time (TE), 30 ms. We also acquired high-resolution anatomical 3D
T1-weighted images under the following conditions: TR, 1900 ms; TE, 2.26 ms; flip angle, 9°; matrix, 240 x 256;
FOV; 215 x 230 mm; slice thickness, 1.0 mm; 176 sagittal slices and T2-weighted images as follows: TR, 4000 ms;
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Fig. 1. Processing pipeline of rs-fMRI data. CRSsOD chronic rhinosinusitis without olfactory dysfunction,
CRSwOD chronic rhinosinusitis with olfactory dysfunction, HCs healthy controls, LKES nasal endoscopy
Lund-Kennedy score, LMS sinus computed tomography (CT) Lund-Mackay score, NBS network-based
statistic, ROC receiver operating characteristic, rs-fMRI resting-state functional magnetic resonance imaging,
PHQ-2 Patient Health Questionnaire-2, QOD-NS Questionnaire of Olfactory Disorders-Negative Statements,
TDI threshold, discrimination, and identification in Sniffin Sticks tests.

TE, 113 ms; slices, 19; slice thickness, 5 mm; gap, 1.5 mm; and FOV, 220 x 220 mm. Participants were instructed
not to focus on any particular ideas, to keep their eyes closed, and not to doze during the procedure.

MRI data preprocessing

Data were preprocessed using Statistical Parametric Mapping 12 (SPM12; http://www.fl.ion.ucl.ac.uk/spm)
in MATLAB 2018b (MathWorks Inc., Natick, MA, USA)?*. The steps included: conversion from DICOM
format; exclusion of the first 10 time points; slice timing and head motion correction; coregistration of high-
resolution T1 weighted images to the mean functional image, segmentation into white matter, gray matter, and
cerebrospinal fluid using diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL),
and resampling to 3 mm isotropic voxels; detrended linear drift; nuisance linear regression (Friston-24 head
movement parameters, white matter, cerebrospinal fluid signals); and filtering (0.01-0.08 Hz) to mitigate low-
frequency drift and high-frequency physiological noise. We omitted global signal regression to minimize the
possibility of functional connection distortion?*?>. Images were not smoothed to prevent changes in between-
group network differences?®. After excluding those with head motions that exceeded 2 mm in translation and/or
2° in rotation, we analyzed data from 31 to 26 patients with CRSsOD and CRSwOD, respectively, and 25 HCs.

Definition of nodes

Large-scale functional networks were defined using the Dosenbach-160 atlas. The Dosenbach-160 Atlas is
a brain network atlas based on functional connectivity optimization, which shows more robustness than
anatomical atlases (e.g., AAL&HOA) in the analysis based on fMRI data, especially in constructing the functional
connectivity networks. There are six brain network divisions, frontoparietal network (FPN), occipital network
(ON), sensorimotor network (SMN), default mode network (DMN), cinguloopercular network (CON) and
cerebellum, which can provide information on brain regions and brain networks see interaction?’. Theoretically,
similar work could be accomplished using the Power-264 Atlas, perhaps with excellent performance. However,
while this atlas has a high number of regions, its larger regional divisions may lead to a loss of detail, and
in particular may not be as sensitive as the Dosenbach-160 atlas when analyzing smaller or more localized
functional connections. We selected this atlas based on meta-analyses of task-related fMRI data. Nodes were
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represented using Montreal Neurological Institute (MNI) coordinates and spheres with a 5-mm radius?’
(Supplementary Material S2).

Static functional connectivity and graph analysis

Functional connectivity across regions of interest (ROIs) was determined by converting r to z values using Fisher’s
Z transformation and Pearson correlation coefficients (r). This produced a 160x 160 functional connectivity
matrix for each participant. Edge strengths and connectivity were calculated using Pearson correlation analysis
to calculate the correlation coefficient between two nodes. Global and local graph theory metrics were computed
using these matrices, with network sparsity (the ratio of real edges to maximum potential edges) varied in
increments 0f 0.01 from 0.01 to 0.4%°. Brain and random networks are frequently compared to identify substantial
non-randomness in topology. Herein, we set the number of random networks at 100. Small world and global
network efficiency were computed as global network measures, and clustering coeflicient, node efficiency, node
degree centrality, the length of the shortest path, and betweenness centrality were computed as local network
measures. The definitions and formulas for these indicators have been described in detail in Supplementary
Material S3.

Statistical analysis

Demographic data were statistically analyzed using SPSS 17.0 (SPSS Inc., Chicago, IL., USA). Continuous variables
were tested for normality using the Shapiro-Wilk test; continuous variables following a normal distribution
were expressed using the mean + standard deviation, otherwise the median + quartiles were used. Groups were
compared using two-tailed independent sample ¢ tests and analysis of variance (ANOVA), and sex proportions
were compared using Chi-square tests. All statistical tests were two-tailed and significance was set at p <0.05.
To investigate differences in whole-brain functional connectivity among groups, the analysis of covariance
(ANCOVA) was performed using Z-values in the GRETNA toolbox, post-hoc analysis was performed using the
false discovery rate (FDR) correction, and significance thresholds of p <0.05 were applied to the connectivities,
with age and sex as covariates. Graph theory metrics were similarly analyzed. Then, the area under curve (AUC)
was used to evaluate whether the graph theory metrics could be used to distinguish between CRSWOD patients,
CRSsOD patients and HCs. We further explored the correlation between the abnormal imaging data and clinical
scales using Pearson correlation analysis. It was then corrected by Bonferroni multiple comparisons. Values with
P <0.05 were considered statistically significant.

Results

Clinical and demographic traits

Table 1 summarizes the clinical and demographic information for all subjects. Age and sex did not significantly
differ, whereas QOD-NS and TDI scores varied significantly between the groups. Variations in the Patient Health
Questionnaire-2 (PHQ-2), LKES, or LMS scores were not discernible. Five healthy volunteers were excluded due
to head movement artifacts during MRI data preprocessing.

Modified functional connectivity among HCs and patients with CRSsOD and CRSwOD

To compare the differences in functional connectivity between the three groups, we applied the ANCOVA
method. The results showed that CRSsOD patients had 11 edges with greater strength than HCs, CRSWOD
patients had 1 greater edge than HCs, and CRSsOD patients had 5 greater edges than CRSwOD patients. Table 2
has shown details of the nodes, affiliated networks, between-group differences, edge data, and statistics. The
edges that differ between the three groups have been visualized in Fig. 2A-C.

Group differences in measurements across node networks
To compare between-group differences in node network metrics, we applied the ANCOVA method. The results
revealed significant between-group differences in node degree centrality and node efficiency. Specifically, nodal

| CRSsOD (n=31) | CRSWOD (n=26) | HC (1=25) | c¥/Z/F value | Pvalue
Demographic data

Age 30.74+12.79 42.54+13.82 43.68+£11.68 | 2.562 0.201
Sex (male/female) | 19/12 19/7 14/11 3.051 0.221
Clinical data

LKES 6.00+1.57 6.23+2.27 - 0.452 0.653
LMS 13.69+4.97 15.15+5.69 - 1.018 0.313
QOD-NS scores 32.55£11.35 39.69+12.35 - 2.234 0.029
TDI scores 35.97+2.76 11.81+4.85 - 23.010 <0.001
PHQ-2 scores 1.71+£1.19 2.19+1.47 - 1.371 0.176

Table 1. Participant information. ANOVA analysis of variance, LKES nasal endoscopy, Lund-Kennedy score,
LMS sinus computed tomography Lund-Mackay score, PHQ-2 Patient Health Questionnaire-2, QOD-NS
Questionnaire of Olfactory Disorders-Negative Statements, TDI threshold, discrimination, and identification
in Sniffin Sticks tests. We compared differences in age, ANOVA, sex, Chi-square test, LKES, LMS, QOD-NS,
TDI, and PHQ-2 scores among groups.
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Edges Internetwork p-value | T value
CRSwOD >HCs [7,10] Default mode, default mode <0.001 |6.13
[77,120] | Cingulo-opercular, sensorimotor | <0.001 | 5.55
[106,116] | Sensorimotor, sensorimotor <0.001 |5.27
CRSsOD > CRSwOD | [106,120] | Sensorimotor, sensorimotor <0.001 |4.78
[115,120] | Sensorimotor, sensorimotor <0.001 |5.49
[128,136] | Occipital, occipital <0.001 |5.85
[17,133] | Default mode, occipital <0.001 |1.01
[47,96] Frontoparietal, sensorimotor <0.001 |3.69
[47,98] Frontoparietal, sensorimotor <0.001 |4.09
[47,108] | Frontoparietal, sensorimotor <0.001 |4.04
[46,110] | Frontoparietal, sensorimotor <0.001 |3.54
CRSsOD >HCs [47,110] | Frontoparietal, sensorimotor <0.001 |3.82
[47,111] | Frontoparietal, sensorimotor <0.001 |3.69
[66,96] Cingulo-opercular, sensorimotor | <0.001 | 4.36
[105,110] | Sensorimotor, sensorimotor <0.001 |3.94
[110,113] | Sensorimotor, sensorimotor <0.001 | 3.96
[110,133] | Occipital, sensorimotor <0.001 |3.70

Table 2. Information about edges with between-group differences based on correction (p <0.001; 5000
permutation tests). CRSsOD chronic rhinosinusitis without factory dysfunction, CRSwOD chronic
rhinosinusitis with olfactory dysfunction, HC healthy controls.

degree centrality (Fig. 3A, B) and nodal efficiency (Fig. 4A, B) of the right posterior occipital region of the
occipital network were significantly altered in patients with CRSsOD compared with those in CRSwOD, and
HCs. However, no significant differences were observed between HCs and patients with CRSwOD. Global
network measures (small-world and global network efficiency) and other local network measures (clustering
coeflicient, the length of the shortest path and betweenness centrality) did not significantly differ among the
three groups.

Association between abnormal network metrics and clinical scales

In order to explore the relationship between the abnormal network metrics and the clinical scales, we performed
a correlation analysis of them. The results of functional connectivity and correlation analyses of patients with
CRSsOD revealed significant relationships. The z-scores of edge strength between the left dorsolateral frontal
cortex (dFC) and the left mid-insula [47,96] (r=-0.409, p=0.022; Fig. 5A), and between the left dFC and the left
parietal cortex [47,98] (r=-0.371, p=0.039; Fig. 5B) significantly correlated with PHQ-2 scores. The z-scores
of edge strength between the right and right post occipital cortex [128,136] (r=0.39, p=0.03) significantly
correlated with LMS scores (Fig. 5C). and those of edge strength between the left dFC and the left temporal
[47,111] (r=0.39, p=0.03; Fig. 5D). The z-scores of the left precentral gyrus and the right occipital cortex
[110,133] (r=0.46, p=0.01; Fig. 5E) significantly correlated with TDI scores in patients with CRSwOD. The
z-scores of edge strength between the left parietal and the left parietal [106,116] (r=—0.40, p=0.04) significantly
correlated with the QOD-NS scores (Fig. 6A). The z-score of edge strength between the right occipital and the
right post occipital [128,136] (r=-0.40, p=0.04) significantly correlated with the TDI scores (Fig. 6B). The
other 11 and four edges associated with CRSsOD and CRSwOD, respectively, did not significantly correlate with
clinical scales. Detailed information was presented as heat maps in Figs. 7 and 8. Relationships between clinical
scales and global and nodal graph theory indicators were not discernible in either of the patient groups.

Discussion
We identified 17 significantly different internetwork connections in the frontoparietal (FPN), occipital (ON),
sensorimotor (SMN), default mode (DMN), and cinguloopercular (CON) networks among patients with
CRSsOD and CRSwOD, as well as HCs. CRSsOD patients showed 11 greater connect edges than HCs' and 1
CRSwODs’ greater than HCs. Meanwhile, 5 connect edges were greater in CRSsOD patients than CRSWODs.
We calculated correlations between differential functional connectivity, PHQ-2 scores, TDI scores, QOD-NS
scores, LMS scores and LKES scores. Functional connectivity between the dFC in the FPN and the mid-insula
and the parietal cortex in the SMN significantly correlated with PHQ-2 scales in patients with CRSsOD. The
prefrontal cortex is responsible for making judgments and executing functions such as processing, and integrating
incoming information from multiple connections with various brain regions to decide appropriate emotional
and motor responses. The frontal cortex regulates emotions via top-down, higher-order, cognitive executive
functions?. Emotion regulation may depend on the fronto-limbic network, which includes regions associated
with emotions, social behavior, and autonomic nervous system control such as the prefrontal cortex, cingulate
gyrus, and amygdala®. These areas have a close relationship with the olfactory system and are involved in mood
and behavior control®’. The insula is a motor connection area that plays a key role in body perception and in
processing of visceral and somatic sensations®!. The vagus nerve transmits sensory information upward, passing
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Fig. 2. Circle map of functional connectivity between groups determined by ROI-ROI analysis. Distinct
brain regions are colored. CON cinguloopercular network, CRSsOD chronic rhinosinusitis without olfactory
dysfunction, CRSwOD chronic rhinosinusitis with olfactory dysfunction, DMN default mode network, FPN
frontoparietal network, ON occipital network, SMN sensorimotor network, HCs healthy controls, ROI region
of interest. (a) CRSsOD >HCs; (b) CRSwWOD >HC:s; (¢) CRSsOD > CRSwOD.

through the autonomic nuclei and thalamus to the insula to integrate sensory information®'. Therefore, the
mid-insula is an important node in the sensory information processing pathway. It is also part of the secondary
olfactory network and participates in postoperative reconstruction of the function and structure of the central
olfactory network in patients with chronic sinusitis®?. Like the mid-insula, the parietal cortex is also related to
physical sensations; it receives tactile signals under external stimulation and generates corresponding motor
responses®. The present study found that the functional connectivity of the dFC and the mid-insula and parietal
cortex correlated significantly and negatively with the PHQ-2 scores in patients with CRSsOD. These suggests
that patients with CRSsOD have altered functional connectivity in emotion regulation and sensorimotor related
brain regions, and that this alteration of brain functional connectivity may further exacerbate the depressive
state of CRSsOD patients. The dFC is considered an important region for the cognitive behavioral treatment of
depression®. Significantly reduced functional connectivity between the dFC and the anterior cingulate cortex
normalizes in patients after treatment for depression. Task-based fMRI studies showed that the abnormalities
in dFC activity were linked to emotional tasks in patients with major depressive disorder®®*’. These findings
suggest that the dFC is associated with emotion regulation and cognitive function. It is well known that
comorbid depression significantly increases the disease burden in 20-30% of patients with CRS**’. The severity
of depression notably improves in patients with CRS after endoscopic nasal surgery’. Our study participants did
not have comorbid depression. Thus, given the capacity of the brain to adapt and compensate, our results might
reflect early or subclinical functional changes in the brain. If so, behavioral responses might be more sensitive
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Fig. 3. (a) Average curves of nodal degree centrality for right posterior occipital region among 40 network
sparsity values. Y-axis represents nodal degree of centrality for each sparsity level in one group. Gray shading
indicates areas of sparsity that significantly differed. (b) Nodal degree centrality of 40 network sparsity values
in right posterior occipital region among CRSsOD, CRSwWOD, and HCs determined using AUC. Each dot
represents AUC for sparsity in one participant. No differences were significant between patients with CRSwOD
and HCs. AUC area under ROC curve, CRSsOD chronic rhinosinusitis without olfactory dysfunction,
CRSwOD chronic rhinosinusitis with olfactory dysfunction, HCs healthy controls.
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Fig. 4. (a) Average curves of node efficiency for right posterior occipital region among 40 network sparsity
values. Y-axis, node efficiency of each sparsity level in one group. Gray shading indicates significant differences.
(b) Node efficiency in right posterior occipital region among 40 network sparsity values in CRSsOD, CRSwWOD,
and HCs groups determined by AUCs. Each dot represents AUC for all sparsity in one participant. None

of three groups significantly differed. AUC area under ROC curve, CRSsOD chronic rhinosinusitis without
olfactory dysfunction, CRSwOD chronic rhinosinusitis with olfactory dysfunction, HCs healthy controls, ROC
receiver operating characteristic.

than these responses, indicating that changes in emotional regulatory and sensorimotor-related brain regions
occur before the onset of depression symptoms in patients with CRSsOD. This might provide early imaging
evidence of comorbid depression in CRS. This study also found that the functional connectivity of dFC and
temporal in patients with CRSsOD was significantly positively correlated with TDI scores. The main functional
areas of temporal include the olfactory center (uncus and anterior hippocampus), the auditory center (middle
superior temporal gyrus and transverse temporal gyrus), and the sensory language center (posterior superior
temporal gyrus). The increased functional connectivity of dFC and temporal may activate the olfactory center,
thereby compensating for the olfactory abilities of patients with CRSsOD. The inferior parietal cortex is associated
with memory and semantic processing, and if memory is used to initiate a task, the short-term memory area of
the prefrontal cortex becomes active?!, such as connected areas in the posterior parietal cortex*. Initiating a task
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Fig. 5. Correlation analysis of brain regions associated with FC abnormalities and clinical scales in patients
with CRSsOD. (a) Correlation with PHQ-2 scores between left dorsolateral frontal cortex (dFC) and left mid-
insula [47,96]. (b) Correlations with PHQ-2 scores between left dorsolateral frontal (dFC) and left parietal
cortex [47,98]. (c) Correlations with LMS scores between right occipital and right post occipital regions
[128,136] in patients with CRSsOD. (d) Correlation analysis of TDI scores between left dFC and left temporal
[47,111] cortexes in patients with CRSsOD. (e) Correlations with TDI scores between left precentral gyrus and
right occipital region [110,133]. CRSsOD chronic rhinosinusitis without olfactory dysfunction, CT computed
tomography, dFC dorsolateral frontal cortex, FC functional connectivity, LMS sinus computed tomography
Lund-Mackay score, PHQ-2 Patient Health Questionnaire-2, TDI threshold, discrimination, and identification
in Sniffin Sticks tests.

r=-0.40
P=0.04

=-0.40
P=0.04

T T 1 I T T T 1
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8

FC-[106,116] FC-[128,136]

Fig. 6. Correlation analysis of brain regions associated with FC abnormalities and clinical scales in patients
with CRSWOD. (a) Correlations between QOD-NS scores in left parietal cortexes [106,116] and (b) between
TDI scores in right occipital and right post-occipital regions [128,136] in patients. CRSwOD chronic
rhinosinusitis with olfactory dysfunction, FC functional connectivity, QOD-NS Questionnaire of Olfactory
Disorders-Negative Statements, TDI threshold, discrimination, and identification in Sniffin Sticks tests.

using memory is crucial to understanding the dFC and its connections with parietal regions*!. The abnormal
functional connectivity between the dFC and parietal cortex in the present study might be attributed to long-
term, negative affective memories. In patients with CRSwOD, we found decreased functional connectivity
between parietal regions in SMN, which was significantly negatively correlated with QOD-NS scores. This
suggests that the functional connectivity between parietal regions in patients with CRSwOD may be impaired,
likely due to long-term stimulation of negative emotional memories, leading to a decompensation in the parietal
lobe’s ability to process memory. Consequently, patients with CRSwOD experience a poorer quality of life due
to olfactory dysfunction. We also found that in patients with CRSsOD, the functional connectivity between
the occipital and post-occipital in ON was increased and significantly positively correlated with LMS scores.
Meanwhile, in patients with CRSwOD, the functional connectivity between the occipital and post-occipital in
ON was decreased and significantly negatively correlated with TDI scores. The occipital lobe is the primary
brain region for processing and regulating visual information, and it also receives and processes non-visual
information, including olfactory stimuli**. Brain activation studies performed with fMRI scans have shown that
several regions of the occipital cortex were recruited during active conditions of olfactory processing in humans
affected by early blindness*>. Other studies have shown that there is activation in the brain’s visual areas during
the processing of olfactory tasks*4. The activation foci in the occipital cortex of sighted individuals would be
caused by visual imagery of objects induced by odor perception?>. Meanwhile, visual brain areas might also be
involved in hedonic judgments and semantic processing of odors*®. These studies indicate that the occipital lobe
plays a certain role in olfactory processing. This is consistent with our observations that the increased functional
connectivity between the occipital and post-occipital in ON of CRSsOD patients is positively correlated with
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Fig. 7. Heatmap of the correlation coefficients between each brain region associated with FC ([77,120],
[106,116], [106,120], [115,120], [128,136], [17,133], [47,96], [47,98], [47,108], [46,110], [47,110], [47,111],
[66,96], [105,110], [110,113], [110,133]) and each scale (LKES, LMS, QOD-NS, TDI, and PHQ-2) in the
CRSsOD group. Purple indicates positive correlation and white indicates negative correlation; the darker the
color, the stronger the correlation. A diagonal line set to 1.00 represents a full positive correlation between
the variable and itself, and a display of 0 indicates that no correlation was analyzed between these two
variables. Correlation coefficients with an asterisk (*) indicate statistical significance (p <0.05). FC functional
connectivity, LKES nasal endoscopy Lund-Kennedy score, LMS sinus computed tomography (CT) Lund-
Mackay score, NBS network-based statistic, ROC receiver operating characteristic, rs-fMRI resting-state
functional magnetic resonance imaging, PHQ-2 Patient Health Questionnaire-2, QOD-NS Questionnaire of
Olfactory Disorders-Negative Statements, TDI threshold, discrimination, and identification in Sniffin Sticks
tests.

the severity of sinusitis, suggesting that the worsening of sinusitis further activates the occipital lobe in olfactory
processing, thereby helping CRSsOD patients maintain better olfactory function. However, in patients with
CRSwOD, the decreased functional connectivity between the occipital and post-occipital in ON suggests that
the function of the occipital lobe in olfactory processing may be impaired, further exacerbating the olfactory
dysfunction in CRSwOD patients. Therefore, the occipital lobe is likely to be a neuroimaging target that mediates
olfactory dysfunction in patients with chronic rhinosinusitis.

The FPN plays a core role in regulating cognition through extensive connections with other brain regions*’.
The FPN is an important control center for higher-level neural processing and its activity increases during
complex cognitive tasks*”*8. Dysfunction within this network might lead to psychopathology, including
schizophrenia, anxiety, and major depression*®*°. Notable functional changes in the FPN of patients with CRS
but no discernible clinical mental illness have suggested a relationship between the cognitive effects of CRS and
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Fig. 8. Heatmap of the correlation coefficients between each brain region associated with FC ([7,10], [77,120],
[106,116], [106,120], [115,120], [128,136]) and each scale (LKES, LMS, QOD-NS, TDI, and PHQ-2) in the
CRSwOD group. Purple indicates positive correlation, white indicates negative correlation, and the darker the
color, the stronger the correlation. A diagonal line set to 1.00 represents a full positive correlation between
the variable and itself, and a display of 0 indicates that no correlation was analyzed between these two
variables. Correlation coefficients with an asterisk (*) indicate statistical significance (p <0.05). FC functional
connectivity, LKES nasal endoscopy Lund-Kennedy score, LMS sinus computed tomography (CT) Lund-
Mackay score, NBS network-based statistic, ROC receiver operating characteristic, rs-fMRI resting-state
functional magnetic resonance imaging, PHQ-2 Patient Health Questionnaire-2, QOD-NS Questionnaire of
Olfactory Disorders-Negative Statements, TDI threshold, discrimination, and identification in Sniffin Sticks
tests.

depression®. The SMN might contribute to general cognitive function in addition to its specialized handling
of sensory stimuli and motor responses®"*2. The functional network connections of key nodes of the SMN are
associated with the cognitive control of task switching®. We found increased connectivity between the SMN
and FPN in patients with CRSsOD compared with HCs. The FPN includes the prefrontal cortex, which is closely
connected to the olfactory system. Therefore, we believe that enhanced connectivity between the SMN and
FPN in patients with CRSsOD supports the maintenance of olfactory and cognitive functions. We also found
lower connectivity within the SMN of patients with CRSsOD than in those with CRSwOD. Further correlation
analysis revealed that functional connectivity among the sensorimotor cortices correlated significantly and
negatively with the QOD-NS scores of patients with CRSwOD. This might have been due to a loss of olfactory
function, which would lead to damaged functional connectivity in the SMN and affect the cognitive control of
task switching and consequently worsen the olfactory experience. Functional connectivity was enhanced within
the DMN of patients with CRSwOD but not in HCs. When the mind is not focused on a particular activity,
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the DMN is the most active network and represents functions such as memory, social interaction, and future
planning®. The increase in functional connectivity within the DMN in patients with CRSwWOD might explain
excessive self-focus, possibly resulting from negative emotions that accompany the loss of olfactory function.
Network graph theory metrics revealed significantly increased nodal degree and efficiency in the right post
occipital gyrus in the occipital network of patients with CRSsOD than in those CRSwOD and in HCs. Node
degree reflects the information communication capability of a node brain region within a functional network™.
Node efficiency reflects the efficiency of parallel information transmission of a node brain region within a
functional network®. The occipital gyrus is not considered a traditional olfactory region. From an anatomic
perspective, the occipital lobe has extensive fiber connections with the temporal and frontal lobes, which include
the secondary olfactory centers responsible for smell memory and perception. Therefore, we tested the hypothesis
that the occipital lobe is involved in processing olfactory information. The volume of gray matter is decreased
in the occipital lobes of patients with congenital Parkinson’s disease and anosmia®. Activation of the occipital
cortex after exposure to a smell stimulus is widespread in volunteers with normal olfaction”’. A comparison of
congenitally blind patients with healthy volunteers revealed that smell stimuli are preferentially directed to the
occipital lobe in the absence of visual input, suggesting its involvement in smell processing®. Smell scores and
occipital gray matter volume positively correlate in patients with trauma-induced anosmia>®. Overall, the above
findings indicate an association between the occipital cortex and olfaction, and that activation of the occipital
cortex plays a positive role in processing olfactory information. The present findings concur with these results.
The increased nodal degree and efficiency of the occipital region in patients with CRSsOD might be the basis
of maintained olfaction. Meanwhile, the area under curve (AUC) of the nodal degree and nodal efficiency of
the right posterior occipital shows that it can be used to distinguish between CRSsOD and CRSwOD. Thus, the
occipital may be an important neuroimaging marker for diagnosing and predicting CRSsOD and CRSwOD.

Limitations

Our study has several limitations. First, although the CRSWOD and CRSsOD patients we recruited had not
undergone surgical treatment before the scan and had not taken any medication within 24 h, we could not
control whether they had taken medication at an earlier time. Although this situation has almost negligible
impact on our results. Second, we did not explore the correlation between the patients’ disease duration and
neuroimaging data because most patients had a long disease duration, making it difficult for them to provide
an accurate duration. Third, we initially performed a cross-sectional study of neuroimages acquired from
patients and healthy persons with data from only one rs-fMRI assessment. Longitudinal studies are required
to supplement our results and enhance the understanding of CRSwOD and CRSsOD, as well as to validate and
enhance our findings. Fourth, analyses of variations in additional neuroimaging indicators were constrained by
the small sample size of patients and healthy volunteers. We did not analyze olfactory transduction pathways in
patients with CRSwOD. We were unable to accumulate enough clinical data to substantiate possible anomalies
in a few network functions. We intend to address these issues in the future, such as increasing the sample size,
following up with dynamic network study analysis and modularity, conducting further longitudinal studies, and
performing task-based fMRI studies.

Conclusion

We evaluated network patterns in patients with CRSsOD and CRSwOD via a whole-brain network approach.
Node degree centrality and efficiency were lower in patients with CRSwOD than in those with CRSsOD, and
lower functional connectivity between the occipital cortex in the ON was associated with TDI scores. Node
degree centrality and efficiency might distinguish between patients with CRSsOD and CRSwOD. Differential
brain network patterns might serve as valid neuroimaging markers for the diagnosis and prognosis of patients
with CRSsOD and CRSwOD, and contribute to our better understanding of the central mechanisms of CRSwOD,
providing new ideas for the clinical management of CRSwOD.

Data availability

Relevant data supporting this study were obtained from the First Affiliated Hospital of Nanchang University,
but these data were used under license for the current study and are therefore not publicly available. However,
the data can be obtained from the corresponding author upon reasonable request and permission from the First
Aftiliated Hospital of Nanchang University.
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