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Olfactory loss and brain connectivity after COVID-19

Fabrizio Espositol @ | Mario Cirillo! | Rosa De Micco! | Giuseppina Caiazzo! |
Mattia Siciliano? | Andrea Gerardo Russo® | Caterina Monari® | Nicola Coppola® |
Gioacchino Tedeschi! | Alessandro Tessitore?

1Department of Advanced Medical and
Surgical Sciences, University of Campania Abstract

“Luigi Vanvitelli”, Naples, Italy To address the impact of COVID-19 olfactory loss on the brain, we analyzed the neu-
2Department of Medicine, Surgery and
Dentistry, “Scuola Medica Salernitana,”
University of Salerno, Baronissi (Salerno), Italy jects with persisting olfactory impairment (hyposmia). Twenty-seven previously

®Department of Mental and Physical Health SARS-CoV-2 infected subjects (10 males, mean age + SD 40.0 + 7.6 years) with clini-
and Public Medicine, University of Campania

“Luigi Vanvitelli”, Naples, Italy

ral connectivity of the central olfactory system in recently SARS-CoV-2 infected sub-

cally confirmed COVID-19 related hyposmia, and eighteen healthy, never SARS-

CoV-2 infected, normosmic subjects (6 males, mean age + SD 36.0 + 7.1 years), were
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network. These metrics were compared between groups and correlated to a clinical
index of olfactory impairment. On the scanning day, all subjects were virus-free and
cognitively unimpaired. Compared to control, both structural and functional connec-
tivity metrics were found significantly increased in previously SARS-CoV-2 infected
subjects. Greater residual olfactory impairment was associated with more segregated
processing within regions more functionally connected to the anterior piriform cor-
tex. An increased neural connectivity within the olfactory cortex was associated with
a recent SARS-CoV-2 infection when the olfactory loss was a residual COVID-19
symptom. The functional connectivity of the anterior piriform cortex, the largest cor-
tical recipient of afferent fibers from the olfactory bulb, accounted for the inter-
individual variability in the sensory impairment. Albeit preliminary, these findings
could feature a characteristic brain connectivity response in the presence of COVID-

19 related residual hyposmia.
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1 | INTRODUCTION

A number of neurological manifestations suggests the involvement of
the central nervous system (CNS) in COVID-19 even though the
underlying pathophysiological mechanisms remain a key knowledge
gap (Koralnik & Tyler, 2020). Among these, olfactory sensory dysfunc-
tion (i.e., hyposmia or complete anosmia) is reported in both acute and
postacute phases of the disease (Lechien et al., 2020; Sedaghat, Gen-
gler, & Speth, 2020) and even 6 months after resolution of COVID-19
(Boscolo-Rizzo et al., 2021). As systematic objective olfactory tests
would likely reveal hyposmia in at least 80% of COVID-19 patients
(Hornuss et al., 2020), the olfactory impairment has become a clinical
hallmark of COVID-19 (Lechien et al., 2020; Miller & Englund, 2020).

The prevalence of olfactory loss in COVID-19 individuals has
been linked to recent evidence of SARS-CoV-2 crossing the neural-
mucosal interface in the olfactory mucosa and affecting the olfactory
and sensory nerve endings (Meinhardt et al, 2021), albeit other
potential entry routes of SARS-CoV-2 (e.g., via crossing of blood brain
barrier or infiltration of infected immune cells) are currently hypothe-
sized (ladecola, Anrather, & Kamel, 2020). Thereby, assuming that ret-
rograde transmission via olfactory sensory neurons contributes to
SARS-CoV-2 neurotropism, making olfactory symptoms more likely to
occur in humans, it could be hypothesized that the early (sensory) cor-
tical areas of the olfactory brain network, and specifically the piriform
cortex (Roesch, Stalnaker, & Schoenbaum, 2006), would be also
affected by, or even neuroplastically responding to, the recent SARS-
Cov-2 infection. This mechanism would possibly explain the persisting
olfactory impairment, especially in the absence of visible injury along
the peripheral olfactory pathway (Eliezer et al., 2020). Indeed, mor-
phometric indices of brain atrophy and axon integrity were mostly
found increased in the olfactory areas of recovered COVID-19
patients (compared to healthy volunteers), suggesting that neuro-
genesis (or other forms of functional compensation) within the CNS
might have occurred because of SAR-CoV-2 entering the brain via the
olfactory bulb (Lu et al., 2020). On the other hand, a recent PET study
(Niesen et al., 2021) on COVID-19 patients with (sudden) olfactory
loss, half of which exhibiting bilateral obstructions of the olfactory
clefts, only reported subtle and inconsistent (i.e., both increases and
decreases) cerebral changes, albeit these were associated with the
degree of olfactory impairment.

To possibly gain more specific insight on the early neurosensory
impact of COVID-19 hyposmia, here we performed a multi-modal
(i.e., structural and functional) neural connectivity analysis of the cen-
tral olfactory system, using advanced 3 Tesla MRI data. To minimize
the confounding effects from other COVID-19 related manifestations,
we only recruited previously SARS-CoV-2 infected middle-age sub-
jects, during the early stage of their recovery (i.e.,, not more than
3 weeks after returning virus-free), with no history of olfactory distur-
bances before, and referring persisting olfactory impairment after, a
noncritical COVID-19 course (World Health Organization, 2020).
Moreover, we hypothesized that the structural connectivity of the
entire olfactory cortex, and specifically the local functional connectiv-

ity of the anterior piriform cortex (APC), that is, the putative largest

cortical recipient of direct afferent fibers from the olfactory bulb
(Roesch et al., 2006), could be selectively altered in previously SARS-
Cov-2 infected hyposmic subjects and eventually correlated with the
degree of residual olfactory impairment.

On these premises, our brain connectivity analysis was organized
in two stages: First, starting from high angular resolution diffusion
imaging MRI data and the widely used automated anatomic labeling
(AAL3) (Rolls, Huang, Lin, Feng, & Joliot, 2020) template, we per-
formed a classification target tractography (Theisen et al., 2017) of the
olfactory cortex. In this way, we derived a morphology-independent
structural connectivity index (Tschentscher, Ruisinger, Blank, Diaz, &
von Kriegstein, 2019) expressing the log-normalized amount of white
matter fibers emerging from the olfactory cortex AAL3 parcel
(encompassing the entire piriform cortex and including the olfactory
tubercle [Tzourio-Mazoyer et al., 2002]), that we specified as source
region, and reaching any of the other (primary or putative secondary)
olfactory cortical areas (see Han, Zang, et al., 2019 for review), that
we specified as target regions. Second, starting from resting-state
fMRI data, we applied a detailed 22-region graph model of the human
olfactory functional network (Arnold et al., 2020) to directly zoom into
the local functional connectivity of the earliest sensory node of the
olfactory cortex, that is, the APC. This model, albeit covering the right
hemisphere only, was previously validated on a very large cohort
(n = 812) of normative subjects in combination with accurate olfac-
tory performance measurements from an independent sample
(n = 33) (Arnold et al., 2020). As this graph exhibited strong small-
world properties, presumably in support of both specialized and inte-
grative functions of olfaction, we extracted four small-world graph-
theoretic metrics (Rubinov & Sporns, 2010) to assess the local func-
tional connectivity of the APC node to the entire olfactory brain net-
work: the degree, that is, the discrete number of active APC
connections, the strength, that is, the functional connectivity weighted
sum of all active APC connections, the local efficiency, that is, the
amount of information transfer within APC neighborhoods, and the
clustering coefficient, that is, the level of functional segregation of the

network around the APC node.

2 | MATERIALS AND METHODS

21 | Participants
Twenty-seven subjects (10 males, mean age + SD = 40.0 + 7.6 years,
age range 27-61) with previous SARS-CoV2 infection (COV+) as rev-
ealed by real-time polymerase chain reaction (PCR) for SARS-CoV2
RNA, and eighteen healthy control subjects (6 males, mean age
+ SD = 36.0 + 7.1 years, age range 28-61) with no history of previous
SARS-CoV-2 infection (COV—) and normal olfaction, were consecu-
tively recruited for the study from the geographical area of Naples
(Italy) between April and December 2020.

Participation requests and clinical interviews to candidate partici-
pants were made by medical doctors from the local clinics. The sub-

jects' enrollment in the research was inclusive of all persons, without
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limitations by sex or gender, race or ethnicity, or age, other than as
scientifically justified and specified in the following inclusion and
exclusion criteria.

Subjects between 25 and 65 years of age were considered eligi-
ble for the study. Exclusion criteria for the COV+ group included: his-
tory of critical COVID-19 (according to WHO guidance (World Health
Organization, 2020)), persisting COVID-19 neurological symptoms
other than olfactory loss (e.g., memory loss, headache, isolated
dysgeusia or ageusia, etc.), pre-existing (i.e., preinfection) olfactory
dysfunction (e.g., due to head trauma, congenital olfactory dysfunc-
tion, nasal surgery, etc.), history of neurological or psychiatric disor-
ders (before or after infection), and general contraindication to MRI.
Exclusion criteria for the COV— group included (pre-existing) olfactory
dysfunction, history of neurological, or psychiatric disorders and gen-
eral contraindication to MRI.

According to WHO classification, the clinical course of COV+
subjects was mild in 20 cases, moderate in 1 case and severe in
6 cases. According to clinical history, the duration of general COVID-
19 symptoms in COV+ subjects ranged between O (i.e., no symptoms
other than olfactory disturbances) and 21 days (9.4 + 6.6 days,
excluding olfactory disturbances). The period of infection, estimated
as the time between the first positive real-time PCR and the second
consecutive negative real-time PCR, ranged between 10 and 76 days
(31.8 + 21.0 days).

On the scanning day, all COV+ and COV— subjects had recently
(13.0 £ 7.4 days, range 1-21 days) undergone a real-time PCR con-
firming that they were virus-free on the scanning day. All COV— sub-
jects had also received antibody testing to exclude asymptomatic
infection. None of the COV— subjects developed clinical COVID-19
symptoms or reported olfactory dysfunction within the subsequent
3 weeks. On the same day, 24/27 COV+ subjects subjectively
referred to be hyposmic (duration of olfactory symptoms: 36.4 + 27.5,
range 11-89 days), six of which (6/24) subjectively reported minor
hypogeusia in addition to hyposmia. 1/24 subjects experienced par-
osmia and 3/24 subjects experienced phantosmia. While none of the
subjects reported isolated ageusia, dysgeusia, or hypogeusia, all
27 COV+ subjects were eventually confirmed as anosmic, hyposmic,
or normosmic based on the functional assessment (see Section 2.2).

All subjects had normal (or corrected-to-normal) vision and hear-
ing and were right-handed and free from global cognitive impairment
since all of them scored higher than the age- and education-adjusted
Italian cut-off score of Montreal Cognitive Assessment (MoCA;
Santangelo et al., 2015).

The study was ethically approved by the Institutional Review
Board of the University of Campania “L. Vanvitelli” (Protocol
nr. 0008735). A written informed consent was obtained from all sub-

jects participating in the study.

2.2 | Olfactory functional assessment

All subjects underwent a clinical olfactory functional assessment via
the Sniffin' Sticks Screening test (Kobal et al., 1996) prior to MRI

scanning. This test has been validated in Italian subjects (Eibenstein
et al., 2005) and includes 12 sticks containing everyday odors: orange,
leather, cinnamon, peppermint, banana, lemon, liquorice, coffee,
cloves, pineapple, rose, and fish. The stick is positioned 2 cm from the
nose and presented for 3-4 s to be sniffed by the subject. Each stick
is presented after an interval of at least 30 s from the others. As the
Sniffin' Sticks Screening test is a multiple-forced choice test, the sub-
ject is asked to necessarily choose one of the four answers presented
in a list, for each odorant. The correct answers were added together

to produce a score between 0 and 12.

2.3 | MRIimage acquisition
MRI was performed on a 3 Tesla scanner (Discovery MR750, General
Electric, USA) equipped with a 32-channel receive-only head-neck

coil. The imaging protocol included:

1. Conventional 2D and 3D T2-weighted sequences in the axial plane
and a 2D T2-weighted sequence in the coronal plane (25 slices,
pixel size = 0.4 x 0.4 x 2 mm, no gap) covering the anterior and
middle segments, for radiological assessment.

2. 3D T1-weighted inversion recovery fast spoiled gradient recalled
echo (3D-IR-FSPGR) with sagittal reconstruction (TR = 6,912 ms,
IT = 650ms, TE = 2996ms, flip angle = 9°, voxel
size =1 x 1 x 1 mm) for high resolution anatomical reference.

3. Diffusion MRI: 2D diffusion-weighted spin-echo echo-planar imag-
ing series with axial orientation (66 slices, TR = 7,000 ms,
TE = 75 ms, isotropic voxel size 2.0 mm, 5 unweighted volumes
for off-line motion-correction, 64 noncollinear isotropically distrib-
uted gradient directions with b-value = 2,000 s/mm?). Two addi-
tional series with opposite polarity of the phase encoding direction
were acquired for distortion correction.

4. Resting-state fMRI: 2D T2*-weighted gradient-echo echo-planar
imaging series with obliqgue slab orientation (44 slices,
TR = 2000 ms, TE = 30 ms, voxel size 2.25 x 2.25 x 3 mm?, num-
ber of volumes 300). Slices were tilted at approximately —30° with
respect to the anterior commissure-posterior commissure line to
reduce the distortion and improve the signal-to-noise ratio in the
olfactory and orbito-frontal cortex (OFC) (Deichmann, Gottfried,
Hutton, & Turner, 2003).

All exams were performed during the morning between 9 and
11 a.m. and all subjects were instructed to stay motionless and awake
during scanning. Prior to the resting-state fMRI scan, the subjects
were reminded via headphones to remain motionless and awake and

to keep their eyes closed for the next 10 min.

2.4 | Radiological assessment

For each subject, conventional T2-weighted MRI images were exam-

ined with the OSIRIX DICOM viewer (https://www.osirix-viewer.com)
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by an author neuroradiologist (MC) with 15 years of experience in
head and neck imaging, blinded to the clinical data.

Volumes of the right and left olfactory bulbs were estimated by
manually contouring on coronal 2D and axial 3D T2-weighted images
using a standardized protocol (Buschhiter et al., 2008). The possible
obstruction of the olfactory clefts was visually assessed on 2D coronal
T2-weighed images. Presence of obstruction of the space between
the cribriform plate, the nasal septum and the upper and middle turbi-
nates was eventually considered as a pathological finding (Eliezer
et al., 2020).

White matter hyperintensities were assessed on axial FLAIR
images and rated according to the Age-Related White Matter Change
and Fazekas scales (i.e., standard 4-point scales for assessing per-
iventricular lesions and deep white matter hyperintensities; Fazekas,
Chawluk, Alavi, Hurtig, & Zimmerman, 1987; Wahlund et al., 2001).

2.5 | Structural connectivity analysis

Structural connectivity metrics were derived from diffusion MRI
(dMRI) image data which were processed with FSL (https://www.
fmrib.ox.ac.uk/fsl) using standard procedures (Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012). Data preprocessing included brain
extraction, echo-planar image unwarping, eddy current distortion and
motion correction and image registration and normalization to stan-
dard MNI space.

The left and right olfactory cortex were separately used as seed
regions for MRI tractography based on the AAL3 (Rolls et al., 2020;
Tzourio-Mazoyer et al., 2002) anatomical template. As target regions,
we included all brain regions collecting potential connections from the
piriform cortex (see Han, Zang, et al., 2019 for a recent review), rang-
ing from other primary subcortical (e.g., amygdala) and cortical
(e.g., entorhinal cortex) to all putative secondary cortical (e.g., OFC,
insula, and anterior cingulate cortex) olfactory regions. We also
included additional AAL3 parcels contributing one (or more) expected
peaks of functional activation in response to a hypothetical contrast
“odor stimulus versus baseline” according to a previous meta-analysis
of 45 functional neuroimaging studies of olfaction (Seubert, Freiherr,
Djordjevic, & Lundstrém, 2013).

Each AAL3 region in standard MNI space was back-transformed
to native diffusion space for each individual subject. For each seed,
the following 16 ipsilateral target masks were created: Anterior cingu-
late cortex pregenual (ACCpre), Anterior cingulate cortex subgenual
(ACCsub), Anterior cingulate cortex supracollasal (ACCsup), Amygdala,
Caudate nucleus, Hippocampus, Nucleus Accumbens (NAcc), nucleus
Pallidum, ParaHippocampal gyrus, Putamen, Anterior orbital gyrus
(OFCant), Lateral orbital gyrus (OFClat), Medial orbital gyrus
(OFCmed), Posterior orbital gyrus (OFCpost), Insula and Thalamus.

Probabilistic tractography was performed in native (diffusion)
space using the FSL program “Probtrackx2” with the “classification
target” option enabled and default settings (5,000 streamlines/voxel).
An exclusion mask for the contralateral hemisphere was specified for

each seed. In this way, starting from the fiber distribution estimates at

each voxel, as obtained via the FSL program “BEDPOSTX,” the
strength and the most likely location of a pathway between the seed
and each target area was calculated, resulting in 16 tractographic
maps (one per each target region) where only streamlines that propa-
gated to a specific target mask were counted. Because the number of
streamlines for each seed-target pair is dependent on the size of the
seed region, a normalized connectivity index (Tschentscher
et al., 2019) was calculated as bgfé% (where S; is the total number
of streamlines successfully propagated to the target region and Vi is

the total number of voxels in the seed region).

2.6 | Functional connectivity analysis

2.6.1 | Resting-state fMRI data preprocessing
Functional connectivity metrics were derived from resting-state fMRI
data which were preprocessed with BrainVoyager 22.0 (Brain Innova-
tion B.V., www.brainvoyager.com; Goebel, 2012) using standard pro-
cedures for slice scan timing correction, 3D rigid head motion
correction, temporal filtering, image registration and brain normaliza-
tion to standard MNI space. The log files with motion parameter esti-
mates (three translation and three rotation values per time point)
were both reviewed (for quality insurance) and later used for high-
order motion correction of the voxel time-series. At this stage, sub-
jects exhibiting head translations >3 mm and/or head rotations >3°
would be excluded from the subsequent analyses. To reduce linear
and nonlinear trends in the time courses, each rs-fMRI time series was
temporally filtered in the frequency domain using a high-pass filter
with a cut-off set to 0.008 Hz. Within the spatial normalization step,
all volumes were resampled to isotropic voxel size (2 mm) using 3D
sinc interpolation and spatially smoothed with an isotropic Gaussian
kernel (full width half maximum 6 mm).

Prior to the functional connectivity analysis, the residual effects
of head motion (including residual motion-related spikes) and physio-
logical nuisance signals (from respiratory and cardiac sources) on the
variance of resting-state fMRI data, were filtered out via linear regres-
sion (Friston, W.illiams, Howard, Frackowiak, & Turner, 1996;
Satterthwaite et al., 2012; Satterthwaite, Wolf, et al., 2013). To this
purpose, a linear regression model was applied to each voxel time-
course in Matlab (The Mathworks, Inc., www.mathworks.com), using
Neuroelf (www.neuroelf.org) access functions to import the initial
data set and running a custom Matlab script to (iteratively) apply the
Matlab function “regress” and to export the final 4D data set from the
model residuals time-courses. The model included 24 motion-related
predictors (6 head motion parameter time-series, their first-order
derivatives, and the 12 corresponding squared parameter time-series),
two physiological noise predictors (the mean regional time-courses
from a white matter mask and a cerebrospinal fluid mask, as obtained
from the MNI template brain) and a “spike-only” predictor (to capture
the variance associated with possible motion-related spikes in the
time-series). This last predictor was derived from the instantaneous

framewise displacement (FD) (Power et al., 2014; Satterthwaite,
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Elliott, et al., 2013), that is, a 300-timepoint vector was initialized to
zero at all time points, then, where FD exceeded a threshold of
0.5 mm, the value at that time point, as well as the values at one point
before and one and two time points after, were set to one. At this
stage, as a further quality insurance criterion, the percentage of spike-
corrupted volumes (i.e., FD >0.5 mm) had not to exceed 50% of the
time series and the mean FD had not to exceed 0.25 mm (Parkes,
Fulcher, Yucel, & Fornito, 2018; Power et al., 2014).

262 |
analysis

Functional connectivity network-level

Twenty-two regions of interest (ROI) were considered according to
the graph model derived by Arnold et al. (2020) which prescribes plac-
ing one or more nodes within each of the following areas: piriform
cortex, amygdala, hippocampus, entorhinal, olfactory tubercle, OFC,
insula, hippocampus, thalamus, nucleus accumbens, and hypothalamus
(Figure 1).

For each node, a spherical ROl was drawn on the MNI template
in BrainVoyager. The sphere centers were placed at the centroid coor-
dinates reported in (Arnold et al., 2020). To avoid dependency on ROI
size, the radius of the sphere was set to 4 mm (which is the most typi-
cal choice for resting-state fMRI studies), resulting in ROl volumes of
268 mm? (the mean size of the original ROI parcels being 266 mm?;
Arnold et al., 2020).

ROI-specific time-series were extracted from the preprocessed
data in Matlab (The Mathworks, Inc., www.mathworks.com) using
Neuroelf (www.neuroelf.org) access functions.

Pearson's correlation coefficients (r) were calculated for each pair
of ROI-specific time-series to construct a symmetric 22 x 22 connec-
tivity matrix for each subject. The mean FD was regressed out from
the series of r values (across subjects). The overall (absolute) func-

tional connectivity in each subject was then calculated from the mean

FIGURE 1
surface showing the anatomical location and the functional submodule assignment of each node (sensory: yellow, limbic: red, frontal: blue).

(c) Zoomed view of the glass surface with node labels: aHIP, anterior hippocampus; AMY, amygdala; APC, anterior piriform cortex; ENT,
entorhinal cortex; HYP, hypothalamus; INSa, anterior insula; INSd, dorsal insula; INSp, posterior insula; INSv, ventral insula; Nacc, nucleus
accumbens; Oapc, anterior-APC OFC; Oc, central OFC; Oml, medial lateral OFC; Omm, middle medial OFC; Omp, posterior middle OFC; Oolf,
olfactory OFC; Oolfl, lateral olfactory OFC; Opm, posterior medial OFC; OTB, olfactory tubercle; pHIP, posterior hippocampus; PPC, posterior
piriform cortex; THLvp, ventral posterior thalamus

of all positive r values after setting all negative r values to zero (van
den Heuvel et al., 2017) as well as from the mean of all absolute r
values (i.e., including negative r values). Both the significantly positive
and the significantly negative connections (one-tail one-sample t-test
on Fisher z-transformed r values vs. zero, p <.05 Bonferroni corrected
across all connections) were counted in each group and the propor-
tions of positive and negative connections in the network were com-
pared between groups using a Fisher's exact test on the resulting
2-by-2 contingency table (with odd ratio and 95% confidence
interval).

2D circular graphs and 3D network graphs were generated by
group-level averaging of the absolute functional connectivity and
interactively displayed in Matlab using the “circularGraph” built-in
function and the “BrainNet” viewer toolbox (Xia, Wang, & He, 2013).
To display the stronger functional connections in each group, a
descriptive threshold (ranging from r = .10 to r = .25 with a step of
.05) was applied to the group-specific average network weights that
were significantly positive in each group (one-tail one-sample t-test
on Fisher z-transformed r values vs. zero, p <.05 Bonferroni corrected
across all connections).

To specifically assess (and compare between groups) the local
topological properties of the functional network at the APC node, the
maximum number of “active” connections over the entire network
(i.e., among all nodes) was equalized across subjects via proportional
thresholding (van den Heuvel et al., 2017). Then, the following graph
metrics were derived for the APC node using the Brain Connectivity
Toolbox (Rubinov & Sporns, 2010): degree, strength, local efficiency,
and clustering coefficient. To avoid dependency of the results on a spe-
cific threshold (Garrison, Scheinost, Finn, Shen, & Constable, 2015),
the proportional threshold was varied between 5% (i.e., up to
226/238 most active connections included) and 95% (i.e., up to
11/238 most active connections included) with a step of 5%, and the
mean of all threshold-specific metric values was returned. Because

functional connectivity networks created from positive and/or

1
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Olfactory functional network. (a) Three-dimensional surface of the right brain template (medial view). (b) Three-dimensional glass
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negative active connections might have different topological prop-
erties (see, e.g., Schwarz & McGonigle, 2011), but also considering
that the interpretation of negative functional connections is not
fully established in the normative literature, the most common
approach of analyzing positive functional connections was chosen
to determine the metrics of interest for the olfactory functional
network. Nonetheless, the results obtained by including both posi-
tive and negative connectivity values in the topological analysis are
also reported by taking the absolute values of the connectivity prior

to thresholding.

2.7 | Statistical analysis
A statistical analysis of MRI-derived measures was performed in
Matlab. Two-tailed two-sample t-tests and chi-squared tests were
performed to compare age and sex proportion between groups. The
correction for covariates was performed via linear regression. A two-
tailed Wilcoxon rank sum test was performed to compare the medians
of Sniffin' test scores between groups.

Two-tailed permutation tests (Good, 2005) were performed
(a) to compare the means of MRI-derived (age- and sex-adjusted)
measures between two groups using the “permutationTest” func-
tion (L. R. Krol, 2021. Via: Matlab Central) and (b) to correlate the
(age- and sex-adjusted) Sniffin' test scores to the (age- and sex-
adjusted) MRI-derived measures based on Spearman's correlation
coefficient  (p) function
(D. Groppe, 2011. Via: Matlab Central). The number of permuta-

tions was set to 10,000. For two-sample (comparative) tests, the

using the “mult_comp_perm_corr”

size of each sample, the effect size (Hedges' g) (g) and the p-value
(p) are reported. For one-sample (correlation) tests, the size of the
sample, the Spearman's correlation coefficient (p) and the p-value
(p) are reported. Beeswarm and box plots and scatter plots were
generated to descriptively compare statistical distributions and to

display linear correlation trends.

3 | RESULTS

3.1 | Clinical and radiological assessment

On the scanning day, all 27 COV+ subjects failed to correctly iden-
tify at least one out of 12 Sniffin' sticks (mean Sniffin' test score
+SD: 8.4 +22, range 2-11), whereas all 18 COV- subjects
obtained the maximal score (12/12). The two groups significantly
differ in the median Sniffin' test score (median COV+: 9, median
COV-—: 12, p <1078). Among COV+ subjects, 5 subjects were anos-
mic (Sniffin's test score below 7), 18 subjects were hyposmic
(Sniffin' test score between 7 and 10) and 4 subjects were
normosmic (Sniffiin' test score between 11 and 12) (Hinz
et al,, 2019). All subjects were cognitively unimpaired (corrected
MoCA score >15.5). The two groups did not significantly differ in
age (p = .12) and sex proportion (p = .80).

Conventional MRI displayed no pathological white matter abnor-
malities and no obstruction of the olfactory clefts in any of the sub-
jects. A slightly reduced volume of the olfactory bulbs was observed
in COV+ (n = 27) (left: 40.3 + 8.3 mm®, right: 41.0 7.6 mm®), com-
pared to COV— (n = 18) (left: 45.4 + 7.2 mm®, right: 45.1 + 7.7 mm®),
subjects, but none of these differences were statistically significant
(left: g = —0.52, p = .090; right: g = —0.39, p = .20), nor were these
measures significantly correlated with the Sniffin' test scores (left:
p=—.13,p=.52;right: p = —.14, p = .48).

3.2 | Structural connectivity

The tractography-derived structural connectivity index was signifi-
cantly higher in COV+ (n = 27), compared to COV— (n = 18), sub-
jects in the medial OFC subdivision, for both hemispheres (left:
g = 1.18, p = .0007; right: g = 1.07, p = .0009; both: p <.05 after
correction for multiple comparisons across all 32 target regions)
(Figure 2).

Across all COV+ (n = 27) subjects, the olfactory structural con-
nectivity index was not significantly correlated to the Sniffin' test
score for any of the target regions, including the medial OFC (left
olfactory cortex to medial OFC: p = —.11, p = .95; right olfactory cor-
tex to medial OFC: p = +.24, p = .23).

3.3 | Functional connectivity

Three subjects (2 COV+, 1 COV-) did not successfully complete the
full exam protocol with the fMRI scan, thereby the functional connec-
tivity analysis included 25 COV+ subjects (10 males, mean age
+SD = 39.6 +7.8, mean Sniffin' test score + SD = 8.2 +2.2) and
17 COV— subjects (5 males, mean age + SD = 36.2 + 7.3, Sniffin' test
score = 12). The two groups did not significantly differ in age
(p = 0.16) and sex proportion (p = 0.48).

The overall absolute functional connectivity was not significantly
different between COV+ and COV-— groups, either excluding
(g = —0.0071, p = .98) or not excluding (3 = —0.011, p = .97) nega-
tive values from the connectivity matrices (i.e., using absolute values).
All significant connections to the APC were found to be positive.
When considering signed connectivity values, the overall number of
significant  positive (negative) connections was respectively
117 (32) for the COV+ group and 151 (40) for the COV— group,
corresponding to 51% (14%) and 65% (17%) of all possible network
connections (231). The two groups did not significantly differ in the
proportions of positive and negative connections (odds ratio: 1.0325,
95% confidence interval: 0.61, 1.74).

Both degree and strength of the APC functional connectivity were
significantly higher (degree: § = 0.73, p = .024; strength: g = 0.68,

= .036; both: p <.05) in COV+ (n = 25) vs. COV— (n = 17) subjects
(Figure 3a). Similar trends were observed when including negative
connectivity values in the connectivity matrices (degree: g = 0.66,
p = .041; strength: g = 0.62, p = .055). Across individual COV+
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FIGURE 2  Structural connectivity data analysis. Beeswarm and box plots comparing the distributions, the medians, the inter-quartile (IQR,

thick blue lines) and extended interquartile (+1.5 IQR, thin blue lines) ranges of the connectivity index, for both source regions (left and right
olfactory cortex) and each (ipsilateral) target region (data adjusted for age and sex: COV+ red points, COV— green points). ACC: anterior
cingulate cortex (pre: pregenual, sub: subgenual, sup: superior), NAcc: nucleus accumbens, OFC: orbito-frontal cortex (ant: anterior, lat: lateral,
med: medial, post: posterior). A star in the plot indicates statistically significant differences between COV+ and COV— groups

subjects (n = 25), neither degree nor strength was significantly corre-
lated to the Sniffin' test score, whether excluding negative values
from the connectivity matrices (degree: p = .28, p = .17; strength:
p=—.11,p =.59) (Figure 3b) or not (degree: p = .30, p = .15; strength:
p=-11p=.62).

Both local efficiency and clustering coefficient were not significant
different between COV+ (n = 25) and COV— (n = 17) groups,
whether excluding negative values from the connectivity matrices
(local efficiency: g = 0.43, p = .17; clustering coefficient: g = 0.31,
p = .33) (Figure 3a) or not (local efficiency: g = 0.47, p = .14; clustering
coefficient: g = 0.43, p = .18). Across individual COV+ subjects
(n = 25) both local efficiency and clustering coefficient were signifi-
cantly (and inversely) correlated to the Sniffin' test score in COV-+
subjects (local efficiency: p = —.43; clustering coefficient: p = —.44;
both: p <.05) (Figure 3b). Similar correlations were obtained when
including negative connectivity values in the connectivity matrices
(local efficiency: p = —.33; clustering coefficient: p = —.43) albeit the
association was only statistically significant (p <.05) for the clustering
coefficient. Moreover, when additionally correcting (both Sniffin' test

scores and connectivity metrics) for the duration of general COVID-

19 symptoms, both local efficiency and clustering coefficient remained
significantly (and inversely) correlated with the Sniffin' test scores
(b <.05). However, when correcting for either the period of infection
(estimated from the dates of the first positive PCR and the first nega-
tive PCR) or the duration of the olfactory symptoms, both connectiv-
ity metrics were not significantly correlated with the Sniffin' test
scores (p >.05).

The topological differences associated with the functional con-
nectivity effects were visualized using 3D and 2D group-specific
graphs showing the active connections.

From the 3D graphs (Figure 4), we note how, at a given absolute
threshold of functional connectivity (e.g., r = .2 for graph readability),
more supra-threshold functional connections occur for the group of
COV-+ subjects, linking the APC node, not only to the closest sensory
nodes along the posterior piriform cortex-APC-OFC axis, but also to
additional limbic nodes within primary olfactory areas (olfactory tuber-
cle, amygdala) and to posterior-middle OFC, which, in turn, also
appear more inter-connected among themselves. Beyond APC, extra
connections can also be noted for the group of COV+ subjects

between the (sensory) PPC node and additional limbic nodes
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FIGURE 3 Functional connectivity data analysis. (a) Beeswarm and box plots comparing the distributions, the medians, the inter-quartile (IQR,

thick blue lines) and extended interquartile (+1.5 IQR, thin blue lines) ranges of degree, strength, local efficiency and clustering coefficient for the
APC node (data adjusted for age and sex: COV+ red points, COV— green points). A star in the plot indicates a statistically significant difference
between COV+ and COV— groups. (b) Scatter plots with linear trend lines in red displaying the correlation of the same measures with Sniffin
scores in COV+ subjects (data adjusted for age and sex: COV+- black points). A star on the line indicates a statistically significant correlation

FIGURE 4 Functional
connectivity 3D topology.
Functional connections traced in
gray for COV— (left) and COV+
(right) groups (absolute functional
connectivity threshold: Pearson

r =.20, one-sample t-test on

z values >0: p <.05, Bonferroni
corrected for all possible
connections)

(e.g., entorhinal), while it appears there is a lack of functional connec-
tivity in the COV+ group between at least two sensory nodes in the
insula (posterior and ventral insula) and two limbic nodes in the hippo-
campus (anterior and posterior hippocampus). A post hoc comparison
of the mean functional connectivity (two sample t-test with signed
values) on inter-module connections between COV+ and COV-—
groups, resulted in a significantly (p <.05) increased functional connec-
tivity between PCC and entorhinal and a reduced functional connec-

tivity in three connections between insula and hippocampus nodes.

The 2D circular graphs (Figure 5) particularly highlight the

topological effects of a higher degree (i.e., more surviving connec-
tions) at various thresholds of absolute functional connectivity
(ranging from r = .10 to r = .25 with step of .05) observed for the
APC node in the group of COV+, compared to COV—, subjects. For
example, reducing the threshold to r = .10 gives additional limbic
nodes in the enthorinal cortex and anterior hippocampus and addi-
tional frontal nodes in middle and posterior-medial OFC connected
to APC for the COV+ group.
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in gray

4 | DISCUSSION

During the pandemic outbreak, a vast amount of evidence has been
accumulating describing the different forms of possible CNS involve-
ment in SARS-CoV-2 infection in relation to the more frequently
observed neurological symptoms and their associated radiological and
laboratory findings (Paterson et al., 2020). In this study, we explored a
possible link between COVID-19 related hyposmia and olfactory brain
connectivity. We show how the olfactory brain connectivity of
recently SARS-CoV-2 infected hyposmic subjects can be increased
(compared to non-SARS-CoV-2 infected normosmic subjects), their
residual olfactory loss being associated with more segregated func-
tional connectivity around the APC node of a graph model of the
human functional olfactory network.

According to preliminary radiological assessment, we report no
edema of the olfactory clefts in any our subjects, suggesting how their
possible obstruction, if ever occurred, was fully reverted in COV+
subjects during recovery (Eliezer et al., 2020). Moreover, we found no
evidence of systematic alteration in the volumes of the olfactory
bulbs, nor these measures significantly explained the clinical variability
in the Sniffin' test scores, in COV+ subjects. As we had also consid-
ered that humans can have normal olfaction without apparent olfac-
tory bulbs (Weiss et al., 2020), the search for possible neural
alterations was extended to the olfactory cortex using advanced MRI
methods for brain connectivity analyses.

For the analysis of the olfactory brain connectivity, two different
bran parcellations were used, respectively for the dMRI and resting-

state fMRI data acquired in the present study. A standard gray matter

anatomic parcellation (AAL3) was used to assess the structural integ-
rity of the major bundles connecting the entire olfactory cortex
(corresponding to a single extended AAL3 parcel) to all anatomical
regions known to be involved in the neural processing of olfactory
information processing. While the size and coverage of the AAL3 par-
cels was well suited for the tractographic analysis of dMRI data, no
topological analysis of either structural or functional connectivity was
possible on this parcellation, as there is no prior evidence available
that the resulting AAL3 sub-parcellation has sufficient small-world
properties to justify the estimate of local metrics in a graph model of
the olfactory network, nor it would be correct to assume the AAL3
parcels as functionally homogeneous. Instead, a local topological anal-
ysis of the APC functional connections was possible using a differ-
ent parcellation, according to the previous work by Arnold
et al. (2020). Besides providing a locally more detailed lay-out of
the possible APC connections (e.g., involving multiple distinct par-
cels in the insular and OFC as well as relatively smaller structures
such as the hypothalamus and the olfactory tubercle), the graph
model associated with this parcellation has been previous shown to
possess strong small-world properties in the context of the human
whole-brain connectome (Arnold et al., 2020). However, this func-
tional parcellation was not equally well suited to the structural con-
nectivity analysis as the back-transformation of its parcels to the
native space of dMRI data would have produced ROIs of ~30-35
voxels in total (given the native resolution of 2 mm), with very few
voxels at the boundary of the white matter, making the results of
the probabilistic tractography unreliable (Catani, Howard, Pajevic, &
Jones, 2002; Hagmann et al., 2006).
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According to MRI tractography, the structural connectivity from
the entire olfactory cortex to the medial OFC, that is, one of the main
(Tobia, Yang, &
Karunanayaka, 2016), was found significantly increased in COV+ hyp-

secondary  olfactory  functional areas
osmic subjects, compared to age- and sex- matched COV-—
normosmic subjects. This would be in line with previous morphomet-
ric MRI findings (Lu et al., 2020) in COVID-19 patients reporting
increased white matter fractional anisotropy, in primary and second-
ary olfactory tracts (at baseline and 3-month follow-up). However,
consistently with this study, we also could provide no evidence of sig-
nificant association between the structural connectivity of the olfac-
tory cortex and the residual olfactory loss in SARS-CoV-2 infected
subjects.

According to a network-level analysis of resting-state fMRI data,
the functional connectivity of the APC, that is, the earliest sensory
node in a previously validated graph model of the central olfactory
functional network in the healthy brain, was found both significantly
increased (in terms of degree and strength) and significantly accounting
for the interindividual differences in residual olfactory impairment
(in terms of local efficiency and clustering coefficient), in previously
SARS-CoV-2 infected hyposmic subjects. Particularly, greater sensory
impairment was positively associated with higher functional segrega-
tion at the APC, suggesting that, shortly after COVID-19, an acquired
and persisting olfactory loss would be coupled with an excess of spe-
cialized sensory processing in regions more densely (functionally) con-
nected to the APC.

This study has two important limitations: First, there was no data
available, either concerning the olfactory performance or the neural
connectivity of the analyzed COV+ subjects, from the preinfection
period. Second, while we could target and verify hyposmia as a fre-
qguent, objective and distinctive symptomatic COVID-19 feature in
COV-+ subjects, we could collect no data from symptom-specific con-
trol groups, that is, we could not include recently SARS-CoV-2
infected, and yet perfectly normosmic, subjects, without other neuro-
logical manifestations, nor we included a control group with COV—
subjects with clinically manifest olfactory loss. These two aspects,
together with the limited sample size of the study, imply that the pre-
sent findings should be taken as preliminary and might still reflect
some general effects of olfactory loss rather (or more) than COVID-19
specific effects.

Nonetheless, by taking together the results from two indepen-
dent neural connectivity analyses of the same subjects, these prelimi-
nary findings may generate some new and pathophysiologically
relevant hypotheses about the response of the human CNS, either to
the recent neuro-invasion of SARS-CoV-2 (Lu et al., 2020) or, more
simply, to the persisting olfactory loss, causing a prolonged lack of
sensory stimulation to the central olfactory system, in the brain of
hyposmic subjects after COVID-19 (Le Bon et al, 2021; Niesen
etal, 2021).

Before elaborating such hypotheses, it should be preliminary con-
sidered that any of the observed differences might have existed
before infection (indicative of a vulnerability), occurred during infec-

tion (indicative of a damage) or occurred rapidly after infection

(indicative of a recovery), all three scenarios being not mutually exclu-
sive in the generation of the overall pattern. Moreover, it is equally
not possible to rule out that the same differences may be due to more
general differences in the brain. In fact, while none of the COV+ sub-
jects had neurological symptoms (other than olfactory impairment) on
the day of scanning, we are not at all excluding that COV+ subjects
may have experienced more diffuse neurological effects during the
period of infection which ultimately affected the connectivity of the
olfactory regions, as measured on the day of scanning. Particularly, as
the functional connectivity analysis was based on resting-state, rather
than olfactory task-based, fMRI data, these differences, whether
reflecting the olfactory impairment after COVID or not, could still be
in principle unrelated to odor responses. In fact, the olfactory regions
are not strictly unimodal and no control connectivity analysis was pos-
sible here on the visual network (like, e.g., in Arnold et al. (2020))
because the slice acquisition was purposedly tilted to optimize the
functional coverage of the orbito-frontal cortex, precluding a whole-
brain connectivity analysis.

As a first scenario, assuming that no similar changes would have
been (hypothetically) observed before infection, we would provide
specific evidence that neurogenesis along the central olfactory path-
way, or, possibly, rewiring of the connections from the olfactory cor-
tex, might have rapidly maturated in COV+ hyposmic subjects already
after 4 weeks (in average) of infection or 5 weeks (in average) of
reduced sensory stimulation. In this case, ascribing these neural
effects (only) to a lack of sensory stimulation, already existing since
long before SARS-CoV-2 infection, would be strongly against recent
evidence that even a lifelong absence of olfactory experience may
have a very limited impact on the local functional connectivity of the
olfactory cortex (Peter et al., 2021), whereas recently acquired sen-
sory loss has been previously associated with both changed cerebral
morphology within core olfactory areas and increase (dynamic) func-
tional connectivity from olfactory cortex to cerebral areas processing
multisensory integration (Iravani et al., 2021).

On the other hand, as structural connections are usually more
temporally stable than functional connections (Sporns, 2018), in the
absence of a robust correlation with the degree of olfactory impair-
ment, it is obviously not possible to rule out that the observed struc-
tural connectivity differences between the two groups might have
existed already before the infection of COV+ subjects, that is, inde-
pendently, and in spite of no history, of manifesting olfactory distur-
bances. This second scenario would imply that the experienced
COVID-19 related hyposmia could be itself a sign of increased sus-
ceptibility or predisposition to this kind of SARS-CoV-2 neurotropism,
whereby the penetration of the virus to the brain via the olfactory
pathway would expectedly affect the APC functionality first. Indeed,
local efficiency and clustering coefficient, that we found coupled with
olfactory impairment, represent two network characteristics that
would expectedly account for the (pathologically insulting) inter-
individual variability in postinfection olfactory experiences (Arnold
et al., 2020). Of note, the correlations between the olfactory impair-
ment and the functional connectivity metrics were robust to the cor-

rection for the variable duration of general COVID-19 symptoms (all
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extinguished on the day of scanning) albeit they ceased to be signifi-
cant when correcting (both the clinical scores and the metrics) for the
duration of either the estimated period of COVID-19 infection or the
experienced olfactory dysfunction (persisting at the day of scanning).
Thus, while the coupling between olfactory impairment and functional
connectivity was unaffected by the duration of previously experi-
enced general symptoms, it is likely that the degree of olfactory
impairment was itself variable in COV+ subjects during the period of
infection. However, as the olfactory assessment was only available at
the day of scanning, it was not possible to properly account for this
other potential source of variability in the data.

Thus, in either case, our findings suggest that the olfactory net-
work mimics a network of cognitive reserve (Stern, 2002), the olfac-
tory loss configuring a sensory proxy of a characteristic COVID-19
reserve of neural plasticity. In support of this interpretation, would be
the observation that those infected individuals with greater olfactory
loss are also those for whom the olfactory network might have more
strongly reacted by functionally insulating the APC node with its
closer (more local) connections from other (more distant) nodes. Of
note, a rapidly increased functional segregation would be not
expected to be coupled to the underlying structural connectivity
(Fukushima et al., 2018). Even beyond the APC node, some extra con-
nections were specifically noted for the group of COV+ subjects
between the (sensory) PPC node and some limbic nodes
(e.g., entorhinal), despite a lack of functional connectivity in the same
group between two more distant sensory nodes in the insula
(i.e., posterior and ventral insula) and two (limbic) nodes in the hippo-
campus (i.e., anterior and posterior hippocampus). As it has been pre-
viously shown how the right hippocampus activation response to
emotional pictures is correlated with the OB size and specifically
reduced in dysosmic patients (Han, Hummel, et al., 2019), the
observed reduction in the functional connectivity between the hippo-
campus and the insula in COV+ subjects may suggest that COVID-19
olfactory impairment might have similarly affected the neural
processing of nonolfactory information such as, for example, emo-
tional information. In this case, according to the proposed interpreta-
tion, the increased connectivity of APC and PPC sensory nodes to
other frontal or limbic nodes might be seen as an attempt of the CNS
to compensate this damage by remodulating the central olfactory net-
work. However, future task-based fMRI studies, possibly involving
both COV+ and COV- subjects with olfactory dysfunction, are
needed to confirm such a specific modular re-organization of the
olfactory network, after COVID-19.

The concept of neural reserve has been often used to refer to
active processes that involve facilitating the flexibility or efficiency of
neural networks to compensate for impairments (Stern, 2002). If con-
firmed by follow-up studies on longer terms, our structural findings
would suggest this be an innate characteristic of long-term COVID-19
hyposmic subjects. Thereby, as local efficiency and segregation of the
olfactory functional network are deemed critical for accurate olfactory
discrimination among normosmic subjects (a proper balance between
functional integration and segregation of sensory nodes being essential

to limit affective and cognitive influences to olfactory perception;

Arnold et al., 2020), the newly observed association of increased
COVID-19 related loss of smell with increased local segregation at APC

might feature a characteristic neuroprotective response of the CNS.

5 | CONCLUSIONS

In conclusion, while future studies will possibly confirm the current
notion of SARS-CoV-2 neurotropism preferentially mediated by the
olfactory network (as hypothesized by others), the increased func-
tional segregation of the olfactory network around the APC node,
besides calibrating the clinically observable olfactory impairment,
might eventually signal a mechanism by which the brain attempts to
(at least initially) counteract a more widespread neurological involve-
ment. In this case, the mechanism of infection involving the olfactory
route, besides determining the frequently observed olfactory impair-
ment, could stimulate a “self-limiting” response of the CNS, which
attempts to compensate other neurological manifestations during, or
in the early aftermath of recovery from, SARS-COV-2 infection. Thus,
while future brain connectivity studies with larger sample sizes and
more specific control groups are needed to confirm or expand these
preliminary observations, a longitudinal (follow-up) analysis will be
even more necessary to also evaluate the long-term neurological
sequelae of COVID-19.
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