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The structural connectivity from the primary olfactory cortex to the main secondary olfactory areas was previously reported as
relatively increased in the medial orbitofrontal cortex in a cohort of 27 recently SARS-CoV-2-infected (COV+) subjects, of
which 23/27 had clinically confirmed olfactory loss, compared to 18 control (COV-) normosmic subjects, who were not
previously infected. To complement this finding, here we report the outcome of an identical high angular resolution diffusion
MRI analysis on follow-up data sets collected in 18/27 COV+ subjects (10 males, meanage + SD: 38.7 + 8.1 years) and 10/18
COV- subjects (5 males, meanage+ SD: 33.1+3.6 years) from the previous samples who repeated both the olfactory
functional assessment and the MRI examination after ~1 year. By comparing the newly derived subgroups, we observed that
the increase in the structural connectivity index of the medial orbitofrontal cortex was not significant at follow-up, despite 10/
18 COV+ subjects were still found hyposmic after ~1 year from SARS-CoV-2 infection. We concluded that the relative
hyperconnectivity of the olfactory cortex to the medial orbitofrontal cortex could be, at least in some cases, an acute or

reversible phenomenon linked to the recent SARS-CoV-2 infection with associated olfactory loss.

1. Introduction

In our previous 3 Tesla advanced MRI study [1], using high
angular resolution diffusion imaging (HARDI) tractography,
we observed that the structural connectivity index (SCI) of
the primary olfactory (piriform) cortex to 16 major second-
ary olfactory functional areas [2] was significantly increased,
across both cerebral hemispheres, in the medial orbitofrontal
cortex (mOFC-SCI), in a cohort of 27 recently SARS-CoV-
2-infected subjects (COV+ group: 10 males, mean age + SD:
40.0 £ 7.6 years), the large majority of which 23/27 had clin-
ically confirmed anosmia or hyposmia, compared to an age-
and sex-matched cohort of 18 healthy normosmic subjects
(COV- group: 6 males, meanage+ SD: 36.0+7.1 years),

none of which had been previously infected with SARS-
CoV-2.

Olfactory loss had been already reported in both acute
and postacute phases of the COVID-19 disease [3, 4] and
even six months after resolution of COVID-19 [5]. However,
at the time of our baseline MRI observations, it was not pos-
sible to state whether the observed structural differences
existed already before SARS-CoV-2 infection, suggesting
some form of innate vulnerability of the central olfactory
pathway in COV+ subjects with insulting olfactory loss, or
rather these changes had developed rapidly, within two or
three weeks after SARS-CoV-2 infection, together with
olfactory loss, suggesting a (mal)adaptive structural response
of the neural tissue. Indeed, both SARS-CoV-2 infection and
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acquired olfactory loss had been previously independently
associated with changed cerebral morphology within core
olfactory areas [6, 7].

To possibly gain additional insight into the previous data
as well as on the often-postulated link between SARS-CoV-2
infection and insulting olfactory loss, which often persisted
over several months, both COV+ and COV- subjects
enrolled in the baseline study (between April and December
2020) were subsequently invited to participate in the 1-year
follow-up study (to be completed between April and Decem-
ber 2021). In the reminder, we will keep the labels COV+
and COV- to refer to the recruited subjects according to
the grouping established at baseline, i.e., regardless of the
clinical status resulting at follow-up, albeit further subgroups
will be considered to account for the possible change in their
clinical conditions.

2. Methods

The follow-up study had been ethically approved by the
Institutional Review Board of the University of Campania
“L. Vanvitelli” (protocol no. 0008735), and a written
informed consent had been initially obtained from all sub-
jects participating in the baseline study, albeit all subjects
might still withdraw from the study. Indeed, only 18 COV
+ subjects (10 males, meanage + SD: 38.7 + 8.1 years) and
10 COV- subjects (5 males, mean age + SD: 33.1 + 3.6 years)
eventually accepted to repeat both the olfactory functional
assessment and the neuropsychological and MRI examina-
tions, according to the same clinical procedures and imaging
methodology (see [1], for details) and showed up at the same
MRI center after ~1 year from the first visit (range between
visits: 330-574 days, median: 385 days). All subjects were not
SARS-CoV-2 infected at the day of the follow-up visit, as
ascertained by real-time polymerase chain reaction (PCR)
for SARS-CoV-2 RNA. For COV+ subjects, the number of
days since the previous COVID-19 diagnosis (prior to the
baseline scan), estimated as the time between the first posi-
tive real-time PCR and the baseline scan, ranged between
29 and 93 days (52.16 + 19.13 days). The time between the
first positive real-time PCR and the second consecutive neg-
ative real-time PCR ranged between 10 and 76 days
(37.38 £20.97 days). On the baseline scanning day, all
COV+ and COV- subjects had recently (11.00 + 5.86 days,
range 1-21) undergone a real-time PCR confirming they
were virus-free. Although the selection of the subjects for
the follow-up study (as well as their classification as COV+
or COV-) was strictly based on (their status at) the baseline
visit (April-December 2020), both COV+ and COV- sub-
jects reported no history of COVID-19 between the two
visits.

From the HARDI MRI data sets, we derived the SCI [8]
from the tractography of primary olfactory (piriform) cortex
to all 16 brain regions collecting potential connections from
the piriform cortex. This metric provides a quantitative
index of structural connectivity across the central olfactory
pathways and previously yielded sufficient evidence at base-
line for the relative increase in connections of the primary
olfactory cortex to the medial OFC across both cerebral
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hemispheres. Thus, the entire procedure for estimating the
mOFC-SCI was identically replicated for baseline and
follow-up individual data sets, independently for each cere-
bral hemisphere, as described in the previous report (see
[1] for all details about the structural connectivity analysis
pipeline).

At the follow-up visit (on the scanning day), according to
the classification proposed by Hinz et al. [9], 10/18 COV+ sub-
jects, who were found anosmic or hyposmic at baseline (i.e.,
Sniffin’s test score below 10), were confirmed as anosmic or
hyposmic (COV+ subgroup 1, n =10), whereas 6/18 COV+
subjects, who were found anosmic or hyposmic at baseline,
were found normosmic (Sniffin’s test score equal to 11 or
12) (COV+ subgroup 2, n = 6). All 10/10 COV- subjects were
confirmed normosmic at follow-up. Two COV+ subjects, who
had been previously classified as normosmic, were found
hyposmic at follow-up. All COV+ and COV- subjects were
confirmed as cognitively unimpaired at the neuropsychologi-
cal testing performed at follow-up (age- and education-
adjusted MoCA score higher than the Italian cut-off of 15.5
points; for more details, see [1]).

The statistical analysis of the SCI measures was per-
formed in MATLAB R2022b (Mathworks, Inc., http://www
.mathworks.com) using functions from the statistics toolbox.
The correction for covariates (i.e., age and sex adjustment)
was performed for the measures of all subjects (separately
for baseline and follow-up data) via linear regression (func-
tion: “regress”). The test-retest reliability of the SCI measure
for this longitudinal study was estimated by pooling all mea-
sures from COV- subjects (n = 10) and computing the intra-
class correlation coefficient (ICC) between baseline and
follow-up data. For the testing of differences between (sub)-
groups, given the small number of observations in each
(sub)group, the signed rank test (function: “signrank”) and
the rank sum test (function: “ranksum”) for equal medians
were, respectively, applied to compare the age- and sex-
adjusted mOFC-SCI between two independent (sub)groups
(at baseline and follow-up) and between paired observations
(baseline vs. follow-up) in each (sub)group. For all tests, the
critical threshold was set to 0.05 without correction for mul-
tiple comparisons.

3. Results

The test-retest reliability of the age- and sex-adjusted
mOFC-SCI metric in the COV- group (n =10, two mea-
sures) was good (ICC = 0.63; see, e.g., [10]).

Figure 1 summarizes the distribution (median and inter-
quartile range) for the age- and sex-adjusted mOFC-SCI
metric in COV+ groups (and subgroups) as well as in the
COV- group, at baseline and follow-up. From these graphs,
opposite trends were noted for the median value of the
mOFC-SCI in COV+ and COV- subjects: namely, COV+
subjects had reduced (left) or unchanged (right) median
values at one-year follow-up, compared to COV- subjects,
and a similar trend was noted for both COV+ subgroups
(persisting and resolved olfactory loss).

Using nonparametric statistics, we confirmed that, at
baseline, the median of the age- and sex-adjusted mOFC-
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F1GuUrk 1: Distribution of the SCI metric obtained for COV+ groups (and subgroups) and for the COV- group, at baseline and follow-up. (a)
Left medial OFC. (b) Right medial OFC. The medians and the interquartile ranges are displayed as lines and boxes for COV+ group (red,
n=18), COV- group (black, n =10), COV+ subjects with resolved olfactory loss (blue, n = 6), and COV+ subject with persisting olfactory
loss (magenta, n = 10). Horizontal black segments indicate which groups showed statistically significant differences in the distributions

(p <0.05).

SCI was significantly and bilaterally increased for the
restricted group of COV+ subjects (n = 18) who participated
in both the baseline and the follow-up study, compared to
the restricted group of COV- subjects (n = 10) who partici-
pated in both the baseline and the follow-up study (two-
sided rank sum test: left mOFC rank sum =317, p =0.0078
; right mOFC rank sum = 308, p=0.026). This was not the
case for the follow-up observations (two-sided rank sum test:
left mOFC rank sum = 290, p = 0.17; right mOFC rank sum
=286, p = 0.24). Indeed, at least for the left hemisphere, there
was a significant reduction in the same index for the COV+
group from baseline to follow-up (two-sided signed rank test:
left mOFC signed rank = 134, p = 0.035; right mOFC signed
rank = 93, p = 0.74) that was sufficient to restrict the variabil-
ity of this metric within the corresponding range observed for
COV- subjects at the same time point.

The same index was also significantly higher at baseline
(two-sided rank sum test: left mOFC rank sum =132, p=
0.045; right mOFC rank sum =137, p=0.017) and not any
longer significantly different at follow-up (two-sided rank
sum test: left mOFC rank sum = 121, p = 0.24; right mOFC
rank sum = 126, p = 0.12), for the subjects belonging to COV
+ subgroup 1 (i.e., subjects with persisting olfactory loss),
compared to the COV- group. Similarly, albeit only for the left
hemisphere, the index was significantly higher at baseline
(two-sided rank sum test: left mOFC rank sum=72, p=
0.022; right mOFC rank sum = 59, p = 0.43) and not any lon-
ger significantly different at follow-up (two-sided rank sum
test: left mOFC rank sum =63, p = 0.23; right mOFC rank
sum = 54, p =0.79), for the subjects belonging to the COV+
subgroup 2 (i.e., subjects with resolved olfactory loss), com-
pared to the COV- group. There were not any significant dif-
ferences between the two COV+ subgroups, at either baseline

(two-sided rank sum test: left mOFC rank sum = 84, p = 0.99;
right mOFC rank sum = 99, p = 0.15) or follow-up (two-sided
rank sum test: left mOFC rank sum =85, p=0.99; right
mOFC rank sum =99, p =0.15).

4. Discussion

The purpose of this study was to longitudinally assess the
SCI metric, for the structural connectivity of medial orbito-
frontal cortex relative to all major primary and secondary
olfactory brain areas, in a restricted group of subjects who
underwent a highly specific HARDI-MRI data analysis, both
shortly and about one year, after their recovery from
COVID-19.

Apart from our previously published study on the base-
line data of larger groups [1], there are currently no compa-
rable (cross-sectional or longitudinal) studies of the olfactory
brain structural connectivity that were conducted with a
similar approach in patients who have had COVID-19 (with
or without olfactory loss) and healthy controls with normal
olfaction and (reportedly) no history of COVID-19. Indeed,
all previous structural MRI studies in COVID-19 patients
employing diffusion MRI have mostly investigated the mor-
phology of the white matter, and even when tractography
was performed, this was mainly used to define the anatomi-
cal tracts for averaging voxel-based diffusion imaging met-
rics, such as diffusion tensor metrics (see, e.g., [11]), or
more advanced HARDI metrics, such as kurtosis and neurite
orientation dispersion and density (see, e.g., [12]). Nonethe-
less, the large effect size observed in the baseline analysis
(albeit on larger groups), but also the good test-retest reli-
ability of the HARDI-MRI metric, as estimated in the pres-
ent group of COV- subjects across two time points, was



encouraging about the possibility of running a longitudinal
analysis on the same metric, albeit all presented results
should be interpreted with extreme caution because of the
low sample size of both the COV+ and COV- groups.

The results of the longitudinal analysis indicate that the
abnormal increases in the mOFC-SCI observed in COV+
(vs. COV-) subjects were (i) only evident at baseline, i.e.,
in the early aftermath of SARS-CoV-2 infection, and (ii)
not any longer evident at 1-year follow-up, whether these
subjects were still found clinically hyposmic or had ceased
to clinically manifest this symptom. As none of the subjects
had a history of olfactory impairment before SARS-CoV-2
infection, we may thus speculate that the likelihood for these
differences being present already before SARS-CoV-2 infec-
tion in COV+ subjects (a scenario deemed plausible in the
previous discussion on baseline findings) is certainly
reduced in the light of these new findings. In fact, if the base-
line effect was any indication of a chronically or congenitally
altered brain olfactory connectivity in COV+ subjects, i.e.,
independent of the insulting SARS-CoV-2 infection with
associated olfactory loss, we should have seen such an effect
more preserved after one year of follow-up, at least in those
COV+ subjects with persistent olfactory loss. In contrast, it
remains equally plausible that the infection might have actu-
ally stimulated an acute structural plasticity response of the
brain olfactory connectivity, which was initially (i.e., shortly
after infection) stronger and more tightly associated with
olfactory symptoms, but later (i.e., after several months) pro-
gressively slower, until restoring an approximately normal
connectivity pattern, definitely uncoupled from the actual
olfactory performance. This scenario would be in line with
a recent longitudinal study on the global structural connec-
tivity of former hospitalized COVID-19 survivors suggesting
that adverse effects on brain functioning and structure
would abate over time [13]. Thus, while much larger samples
would be needed for a proof of this scenario, it is now less
likely that the SCI would work as a prognostic tool to iden-
tify individuals whose COV+ related olfactory loss will
resolve or persist over a term as long as one year.

In conclusion, the follow-up data seem to indicate that the
relative hyperconnectivity of the olfactory cortex with respect
to the medial OFC detected at baseline might be, at least in
some cases, an acute or reversible phenomenon linked to the
previous SARS-CoV-2 infection with associated olfactory
symptoms. About one year after the infection, this central
olfactory brain connectivity alteration might either disappear
or become less evident, with the structural connectivity index
of the medial OFC falling within the normal variability of sub-
jects who (presumably) never experienced a clinically manifest
olfactory loss between the two time points (albeit they might
have been infected during one of the pandemic waves
occurred between the second half of 2020 and the first half
of 2021). Thus, future brain connectivity studies with larger
sample sizes will also require multiple control groups to even-
tually clarify whether the central nervous system is indeed
capable of producing an acute or reversible structural connec-
tivity response within the olfactory pathway explaining the
appearance or the persistence of the olfactory loss symptoms
after SARS-CoV-2 infection.

Neural Plasticity

Data Availability

The conditions of our ethics approval did not permit public
archiving of study data. Anonymized data will be shared by
request from any qualified investigator from the correspond-
ing author. Access will be granted to named individuals in
accordance with the ethical conditions governing the reuse
of sensitive data.

Conflicts of Interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by #NEXTGENERATIONEU
(NGEU) and funded by the Ministry of University and
Research (MUR), National Recovery and Resilience Plan
(NRRP), project MNESYS (PE0000006)—A multiscale inte-
grated approach to the study of the nervous system in health
and disease (DN. 1553 11.10.2022).

References

[1] F. Esposito, M. Cirillo, R. De Micco et al., “Olfactory loss and
brain connectivity after COVID-19,” Human Brain Mapping,
vol. 43, no. 5, pp- 1548-1560, 2022.

[2] M.]J.Tobia, Q. X. Yang, and P. Karunanayaka, “Intrinsic intra-
nasal chemosensory brain networks shown by resting-state
functional MRI,” Neuroreport, vol. 27, no. 7, pp. 527-531,
2016.

[3] J. R. Lechien, C. M. Chiesa-Estomba, D. R. De Siati et al,,

“Olfactory and gustatory dysfunctions as a clinical presenta-

tion of mild-to-moderate forms of the coronavirus disease

(COVID-19): a multicenter European study,” European

Archives of Oto-Rhino-Laryngology, vol. 277, no. 8, pp. 2251~

2261, 2020.

A. R. Sedaghat, 1. Gengler, and M. M. Speth, “Olfactory dys-

function: a highly prevalent symptom of COVID-19 with pub-

lic health significance,” Otolaryngology-Head and Neck

Surgery, vol. 163, no. 1, pp. 12-15, 2020.

P. Boscolo-Rizzo, A. Menegaldo, C. Fabbris et al,, “Six-month

psychophysical evaluation of olfactory dysfunction in patients

with COVID-19,” Chemical Senses, vol. 46, 2021.

[6] B.Iravani, M. G. Peter, A. Arshamian et al., “Acquired olfac-
tory loss alters functional connectivity and morphology,” Sci-
entific Reports, vol. 11, no. 1, article 16422, 2021.

[7] Y.Lu, X. Li, D. Geng et al., “Cerebral micro-structural changes
in COVID-19 patients - an MRI-based 3-month follow-up
study,” EClinicalMedicine, vol. 25, article 100484, 2020.

[8] N. Tschentscher, A. Ruisinger, H. Blank, B. Diaz, and K. von
Kriegstein, “Reduced structural connectivity between left audi-
tory thalamus and the motion-sensitive planum temporale in
developmental dyslexia,” The Journal of Neuroscience,
vol. 39, no. 9, p. 1435, 2019.

[9] A.Hinz, T. Luck, S. G. Riedel-Heller et al., “Olfactory dysfunc-
tion: properties of the Sniffin’ sticks screening 12 test and asso-
ciations with quality of life,” European Archives of Oto-Rhino-
Laryngology, vol. 276, no. 2, pp. 389-395, 2019.

[10] J. Rentzsch, M. C. Jockers-Scheriibl, N. N. Boutros, and

J. Gallinat, “Test-retest reliability of P50, N100 and P200

[4

s

o
o



Neural Plasticity

(11]

(12]

(13]

auditory sensory gating in healthy subjects,” International
Journal of Psychophysiology, vol. 67, no. 2, pp. 81-90, 2008.

M. Catalogna, E. Sasson, A. Hadanny, Y. Parag, S. Zilberman-
Itskovich, and S. Efrati, “Effects of hyperbaric oxygen therapy
on functional and structural connectivity in post-COVID-19
condition patients: a randomized, sham-controlled trial,” Neu-
rolmage: Clinical, vol. 36, no. 36, article 103218, 2022.

S. Huang, Z. Zhou, D. Yang et al., “Persistent white matter
changes in recovered COVID-19 patients at the 1-year fol-
low-up,” Brain, vol. 145, no. 5, pp. 1830-1838, 2022.

B. Tassignon, A. Radwan, J. Blommaert et al., “Longitudinal
changes in global structural brain connectivity and cognitive
performance in former hospitalized COVID-19 survivors: an
exploratory study,” Experimental Brain Research, vol. 241,
no. 3, pp. 727-741, 2023.



	Olfactory Loss and Brain Connectivity after COVID-19: Structural Follow-Up at One Year
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments



