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Abstract
Background and objective Despite olfactory disorders being among the most common neurological complications of coro-
navirus disease 2019 (COVID-19), their pathogenesis has not been fully elucidated yet. Brain MR imaging is a consolidated 
method for evaluating olfactory system’s morphological modification, but a few quantitative studies have been published 
so far. The aim of the study was to provide MRI evidence of olfactory system alterations in patients with COVID-19 and 
neurological symptoms, including olfactory dysfunction.
Methods 196 COVID-19 patients (median age: 53 years, 56% females) and 39 controls (median age 55 years, 49% females) 
were included in this cross-sectional observational study; 78 of the patients reported olfactory loss as the only neurological 
symptom. MRI processing was performed by ad-hoc semi-automatic processing procedures. Olfactory bulb (OB) volume 
was measured on T2-weighted MRI based on manual tracing and normalized to the brain volume. Olfactory tract (OT) 
median signal intensity was quantified on fluid attenuated inversion recovery (FLAIR) sequences, after preliminary intensity 
normalization.
Results COVID-19 patients showed significantly lower left, right and total OB volumes than controls (p < 0.05). Age-related 
OB atrophy was found in the control but not in the patient population. No significant difference was found between patients 
with olfactory disorders and other neurological symptoms. Several outliers with abnormally high OT FLAIR signal intensity 
were found in the patient group.
Conclusions Brain MRI findings demonstrated OB damage in COVID-19 patients with neurological complications. Future 
longitudinal studies are needed to clarify the transient or permanent nature of OB atrophy in COVID-19 pathology.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), causing the coronavirus disease 2019 (COVID-19), 
initiated a worldwide pandemic that, as of February 2022, 
has resulted in more than 430 billion confirmed cases and 
about 5.9 million deaths worldwide [1].

The most common manifestations of COVID-19 are 
pulmonary in nature, but a number of neurological com-
plications, including smell and taste disorders, cranial 
nerve deficits, polyneuropathies, cerebrovascular disorders, 
encephalopathies and inflammatory central nervous sys-
tem (CNS) syndromes, headache, and seizures, have been 
increasingly reported [2]. COVID-19 neurological complica-
tions are expected to be associated with the suspected neu-
roinvasive potential of human coronaviruses (CoVs) [3, 4].

A large body of evidence has demonstrated that the total 
loss or a reduced sense of smell (anosmia and hyposmia, 
respectively) are the most common neurological complica-
tions of COVID-19 [4, 5], especially occurring in otherwise 
asymptomatic subjects and in early phases of the disease 
[6]. In spite of the high incidence of olfactory dysfunction 
(OD) in COVID-19 [7], its underlying mechanism has not 
been fully elucidated, yet. Nasal and oropharyngeal cavi-
ties are considered the possible gateways for many viral 
pathogens, including SARS-CoV-2. However, unlike other 
post viral olfactory dysfunctions, COVID-19-related anos-
mia and hyposmia are not correlated with nasal obstruc-
tion or rhinitis, suggesting that they may be rather associ-
ated with the neurotropism of the virus. The widespread 

angiotensin-converting enzyme 2 (ACE2) expression in the 
brain and in the olfactory bulbs makes them a potential tar-
get of COVID-19 and supports the hypothesis of neuroinva-
sion through the olfactory system [4].

The olfactory system, mediating the sense of smell, is 
phylogenetically one of the most primitive sensory systems. 
Olfaction is conveyed by the first cranial nerve (CN I), which 
originates in the olfactory neuroepithelium, located in the 
posterosuperior portion of each nasal cavity (olfactory cleft). 
The epithelium includes the somas of the bipolar olfactory 
neurons, which are both receptors and neurons of the first 
order of the olfactory pathway. These represent the origin of 
the olfactory nerve fibers, and they have the unique ability to 
regenerate thanks to the stem cells located in the epithelium. 
The dendrites of the olfactory neurons directly project to 
the surface of the epithelium, so as to bind to the odorant 
molecules that reach the nasal cavity. This exposure of the 
dendrites to the external environment is well-known to be 
exploited by many viruses, including the Coronaviruses, as 
a gateway to the central nervous system by retrograde axonal 
transport [8, 9].

The axons of the first order olfactory nerves group 
together in the form of small nerve bundles (fila olfactoria) 
and pass through the small foramina of the cribriform plate 
of the ethmoid bone, entering the olfactory bulbs through 
their ventral surface. The olfactory bulb (OB) is a bilateral, 
elliptical, ventrodorsally-oriented extension of the telen-
cephalon. It represents the primary center of the olfactory 
system, serving as a relay station for the impulses coming 
from the epithelium and bound for the olfactory cortex. The 
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olfactory tract (OT) is a thin, myelinated nervous projec-
tion that, from the OB, runs posteriorly ending in perforate 
substance [8].

Brain MR imaging is a useful and consolidated method 
for evaluating olfactory dysfunction (OD) [10, 11]. None-
theless, to our knowledge, MRI-based evaluations of olfac-
tory system alterations associated with COVID-19 are still 
limited to small investigational studies, case series, and case 
reports [12–18]. Only a few studies performing systematic, 
quantitative olfactory system measurements have been pub-
lished so far, but still on quite small populations [19–25]. 
The high prevalence of OD in COVID-19 patients, its impact 
on the quality of life, and its possible association with the 
CNS manifestations, make the investigation of this phenom-
enon of considerable importance.

The aim of this study was to provide MRI evidence of 
olfactory system modifications in patients with COVID-19 
and neurological symptoms, including OD. In particular, 
OB atrophy was investigated by measuring the OB volume 
on T2-weighted MR acquisitions, and OT alterations were 
investigated by assessing fluid-attenuated inversion-recovery 
(FLAIR) signal intensity in the OT.

Methods

Standard protocol approvals, registrations, 
and patient consents

The study was performed in accordance with the ethical 
standards as laid down in the 1964 Declaration of Hel-
sinki and its later amendments. The local ethics committee 
approved the collection and scientific use of the patients’ 
data as part of a larger observational study protocol (Reg. 
118/22). Informed consent was obtained from individual 
patients or provided by their next of kin (in case of ICU 
patients).

Study population

Patients were retrospectively included in the study in case of 
a positive COVID-19 diagnosis and admission to the ASST 
Papa Giovanni XXIII hospital in Bergamo, Italy, from April 
2020 to October 2021 due to neurological disorders and/or 
olfactory dysfunctions. COVID-19 diagnosis was confirmed: 
(1) by real-time reverse-transcriptase polymerase-chain-
reaction (RT-PCR) on nasopharyngeal specimens; or (2) by 
RT-PCR on bronchoalveolar lavage (BAL) in case of high 
clinical suspicion of SARS-CoV-2 infection besides negative 
test results on at least two nasopharyngeal swabs performed 
at least 24 h apart; or (3) in the presence of characteristic 
radiological interstitial pneumonia associated with typical 

symptoms (fever, dry cough, dyspnea), even with negative 
RT-PCR. Patients with pre-existing smell/taste disorders, 
with neurological disorders prior to COVID-19 (e.g., multi-
ple sclerosis, previous history of vascular lesions, psychiat-
ric diseases), pre-existing brain parenchymal lesions (e.g., 
chronic stroke, tumors) and/or comorbidities were excluded 
from the study. Patients showing cerebrovascular disorders 
with parenchymal lesions (e.g., stroke, cerebral venous 
thrombosis) due to COVID-19 were further excluded, to 
avoid possible errors in automatic brain segmentation and 
brain volume computation.

The control group consists of individuals having neither 
history of COVID-19 (COVID-19 diagnosis or COVID-
19-related symptoms), nor self-reported chemosensory dys-
function, who underwent brain MRI at the Neuroradiology 
Department of the Bergamo hospital for reasons other than 
COVID-19 complications, with negative MRI findings.

MRI acquisition

All brain MRI scans were acquired at the ASST Papa Gio-
vanni XXIII hospital in Bergamo, Italy, using a General 
Electric 3 Tesla MRI scanner (Discovery MR 750w GEM).

For both patients and controls, the brain MRI acquisition 
protocol included pre-contrast axial T1-weighted, coronal 
T2-weighted and sagittal FLAIR imaging. T1-weighted 
scans were acquired by an axial Multi Echo Multi Pla-
nar (MEMP) sequence with the following parameters: 
matrix = 288 × 244, field of view = 250 × 250 mm, thick-
ness/gap = 3.0/0.4 mm, TE/TR = 9/600 ms. The T2-weighted 
MRI scans were acquired by a Periodically Rotated Over-
lapping ParallEL Lines with Enhanced Reconstruction 
(PROPELLER) sequence with the following parameters: 
matrix = 352 × 352, field of view = 210 × 210 mm, slice 
thickness from 2.4 to 4.5 mm, TE/TR = 128/5791 ms. The 
FLAIR MRI scans were acquired by a 3D CUBE sequence 
with the following parameters: matrix = 240 × 230, field 
of view = 260 × 260 mm, thickness/gap = 1.2/0 mm, TE/
TR = 120/5302 ms.

MRI processing

Bilateral OB volume and OT intensity were measured by 
ad-hoc semi-automatic processing procedures using the fol-
lowing software: ImageJ, version 1.53 h (https:// imagej. nih. 
gov/ ij); Statistical Parametric Mapping, version SPM12 (The 
Wellcome Centre for Human Neuroimaging, UCL Queen 
Square Institute of Neurology, London, UK); and an in-
house code written in MATLAB, version R2020a (Natick, 
MA, USA).

https://imagej.nih.gov/ij
https://imagej.nih.gov/ij
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OB volume quantification

The OBs, appearing as hyso- or tenderly hypointense, ovoid 
structures surrounded by hyperintense CSF on coronal 
T2-weighted MR scans (Fig. 1a), were manually outlined 
on sequential slices using ImageJ (Fig. 1b). The OT vol-
ume was not considered; and the sudden change in diameter 
on the coronal section was considered as OB ending point. 
Manual tracing was performed by a single operator (S.C.) 
for all subjects; possible doubts were reviewed and solved 
in concordance with two trained neuroradiologists (A.B. 
and G.P.). The operators were blinded to the patient group, 
as well as to patients’ age and gender. Left and right OB 
volumes were computed as the sum of the surface area of 
all OB outlines, multiplied by the slice thickness. Total OB 
volume was finally computed as the sum of left and right 
OB volumes.

OB volumes were then normalized to the corresponding 
brain volume, that was computed on brain masks created 
on T1-weighted MR scans using SPM12 (Online Resource 

1). The T1-weighted MR images were first converted to the 
Neuroimaging Informatics Technology Initiative (NifTI) for-
mat and segmented to obtain the grey matter (GM), white 
matter (WM), CSF, bone tissue and soft tissue probability 
maps. GM, WM, and CSF maps were then binarized using 
a threshold (set at 0.6) empirically chosen to assign each 
voxel to a tissue class, while avoiding overlap between dif-
ferent classes. GM, WM, and CSF binary masks were then 
summed up, and the resulting mask was visually inspected 
and edited by ImageJ software to fill possible holes and 
remove external regions accidentally taken as brain. Brain 
volume was finally computed as the sum of all sectional 
areas, multiplied by the slice thickness.

OT intensity quantification

The OTs were observed on the sagittal FLAIR MR scans 
as thin, hyperintense projections surrounded by hypoin-
tense CSF (Fig. 1c). The measurement of OT signal inten-
sity relied on preliminary OT manual outlining on one to 

Fig. 1  Olfactory bulb and tract appearance on brain MRI scans. a 
Coronal T2-weighted MRI scan showing the location and appear-
ance of the olfactory bulbs, surrounded by T2 hyperintense CSF. 
b Left olfactory bulb outlined on the T2-weighted MRI scan using 
ImageJ polygon selection tool. c Sagittal FLAIR MRI showing the 

location of the left olfactory tract, appearing hyperintense compared 
to normal. d Left olfactory tract outlined on the T2-weighted MRI 
scan using ImageJ polygon selection tool. Images were taken from a 
55-year-old female patient with anosmia, attention and memory defi-
cit, and neuropathy following COVID-19 infection
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two slices where it was best visualized. Unlike OBs, the 
OT outlining did not exactly follow the OT contour but 
was internal to it, not to include any partial volume or CSF 
hypointense voxel that may have biased the assessment of 
OT signal intensity (Fig. 1d). The OT outline was then saved 
as a binary mask.

FLAIR images were intensity normalized using an auto-
mated SPM12-based processing procedure specifically 
designed for the purpose of this study (Online Resource 
2), based on a previously published method [26].

The axial T1-weighted and the sagittal FLAIR 
sequences were first converted to the NifTI format. The 
T1-weighted scan was spatially normalized to the refer-
ence MNI space (ICBM152) and then segmented to gener-
ate GM, WM, CSF, bone tissue and soft tissue probability 
maps. WM and GM maps were binarized by imposing 0.6 
as a threshold.

The FLAIR scan was bias corrected and then normalized 
to the MNI space (ICBM152) by applying the same param-
eters used to spatially normalize the T1-weighted scan.

The T1-weighted-based WM and GM binary maps were 
used as an internal reference for intensity normalization of 
the FLAIR scan. Indeed, the intensity of the GM and WM 
voxels of the spatially normalized FLAIR image were aver-
aged, the overall mean ( m ) was computed, and 1000∕m was 
chosen as the global modulating factor for intensity nor-
malization of the original (non-spatially normalized and 
non-bias-corrected) FLAIR image.

OT intensity was finally quantified using an in-house 
MATLAB code, by overlapping the OT binary mask—
obtained from the manual outlining—with the intensity nor-
malized FLAIR and computing the median FLAIR intensity 
of the voxels within the OT mask.

Table 1  Demographic features 
and olfactory bulb volumes in 
the 196 patients and 39 controls 
included in the study

Data are reported as median [IQR] (continuous/numerical variables) or number (%) (binary/categorical 
variables)
Abbreviations: OB  Olfactory Bulb
a  Wilcoxon rank sum test
b  Fisher's exact test

Patient Control p

n 196 39
Age, years 53 [42 – 60] 55 [46 – 66] 0.116a

Gender, F 116 (59%) 19 (49%) 0.287b

Brain volume, mL 1420 [1333 – 1508] 1498 [1365 – 1600] 0.048a

Right OB (normalized) volume 2.06 [1.61 – 2.45] 2.33 [2.01 – 2.70] 0.005a

Left OB (normalized) volume 1.78 [1.43 – 2.25] 2.07 [1.72 – 2.54] 0.006a

Total OB (normalized) volume 3.90 [3.09 – 4.71] 4.44 [3.65 – 5.45] 0.006a

Fig. 2  Olfactory bulb volume distribution in 196 COVID-19 patients and 39 controls. a Distribution of the right OB volume. b Distribution of 
the left OB volume. c Distribution of the total OB. OB volume was normalized to whole brain volume. Abbreviations: OB olfactory bulb
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Statistical analysis

All statistical analyses were performed using R software (R 
Core Team, Vienna, Austria, https:// www.r- proje ct. org/), 
version 4.1.2. Non-parametric Wilcoxon rank sum tests 
were used to compare patients with controls in terms of 
age, brain volumes, OB volumes and OT signal intensities. 
Fisher test was used to assess significant difference in gender 
due to unequal sample sizes. Independent t-test was used to 
compare patient subgroups. The distribution of (left, right 
or total) OB volume and (left, right or overall) median OT 
intensity by each binary variable (group, gender, and age) 
was displayed by boxplots. Strength of associations between 
OB volume and time from disease onset to MRI acquisition 
was assessed by Spearman correlation. Statistical signifi-
cance was set at p < 0.050.

Data availability

The data that support the findings of this study are avail-
able from the corresponding author, prior submission of a 
project outline.

Results

A total of 237 patients with COVID-19 and neurologic 
manifestations were considered eligible for inclusion in 
the study; 23 were excluded due to motion artifacts or low 
image quality, and 196 were finally included in the study. 
78/196 (40%) COVID-19 patients (age: 48 [36–55] years, 
57.7% females) reported OD as the only COVID-19 neu-
rological complication, while the remaining 118 patients 
(age: 56 [50–62] years, 60.2% females) reported a variety 
of other neurological disorders (ND), including cranial nerve 
neuropathies and neuromuscular disorders, cerebrovascular 
disorders (without parenchymal lesions), encephalopathies, 
and inflammatory CNS syndromes, cognitive, memory and 
psychiatric disorders, and seizures. Online Resource 3 is 
a flow chart that describes the study participants. The OD 
patient group was significantly younger than the ND one (48 
[36–55] vs 56 [50–62] years, respectively; p < 0.001), while 
the two groups did not significantly differ in gender.

A total of 40 controls were considered for inclusion in the 
study; one was excluded due to technical reasons. Demo-
graphic data about the study population are summarized in 
Table 1. No statistically significant difference in age between 
patients and controls was found (53 [42–60] vs 55 [46–66] 
years, respectively; p = 0.116). Patients showed signifi-
cantly lower brain volume as compared to controls (1420 
[1333–1508] mL vs 1498 [1365–1600] mL; p = 0.048). In 
particular, brain volume was significantly lower than normal 

in ND group (1407 [1318–1501] mL, p = 0.018), but not in 
the OD group (1435 [1350–1526] mL, p = 0.272). Regres-
sion analyses showed that brain volume differences between 
groups were mainly due to the higher prevalence of females, 
who are denoted by smaller brain volumes than males, in the 
COVID-19 group (Online Resources 4 and 5).

Fig. 3  Representative MR images of complete atrophy of the olfac-
tory bulbs in COVID-19 patients. Coronal T2-weighted MRI scan 
showing a normal-volume olfactory bulbs in a 63-year-old male 
control subject, b complete atrophy of the left OB in a 48-year-old 
female COVID-19 patient, and c bilateral complete OB atrophy in a 
77-year-old female COVID-19 patient. Abbreviations: OB olfactory 
bulb

https://www.r-project.org/
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Olfactory bulb atrophy

Control subjects showed normal and symmetric normalized 
OB volume (left: 2.07 [1.72–2.54]; right: 2.33 [2.01–2.70]; 
total: 4.44 [3.65–5.45]). In the patient group, OB volumes 
were significantly lower than in normal controls (left: 1.78 
[1.43–2.25], p = 0.006; right: 2.06 [1.61–2.45], p = 0.005; 
total: 3.90 [3.09–4.71], p = 0.006) (Fig. 2). In the patient 
group, there were two cases of bilateral complete atrophy 
of the OBs, and two cases of unilateral complete atrophy 
(Fig. 3).

No statistically significant differences were found in 
total OB volumes between males and females, neither in 
the patient group (females 3.77 [3.05–4.61], males 4.00 
[3.15–4.85], p = 0.391) nor in the control group (females 
4.64 [3.71–5.25], males 4.40 [3.54–5.52], p = 0.667) (Fig. 4).

In the control group, younger subjects (below 65 years of 
age [27]) showed significantly higher total OB volume than 
the elderly (4.65 [3.85–5.59] vs 3.56 [3.03–4.46], p = 0.014). 
No such difference was found in the patient group (total OB 
volume = 3.92 [3.19–4.70] and 3.49 [2.65–4.81] in young 
and old patients, respectively, p = 0.314) (Fig. 4).

No statistically significant difference in OB volume was 
found between COVID-19 patients with OD compared to 
patients exhibiting other neurological symptoms (total 
OB volume: 3.85 [3.00–4.38] in the OD group vs 3.92 
[3.17–4.79] in the ND group, p = 0.320) (Fig. 5).

In the patient group, the MRI time, defined as num-
ber of days between disease onset and MRI acquisition, 
ranged from 1 to 582 days. However, no statistically sig-
nificant differences were found in total OB volume between 
patients subgrouped by MRI time, and no significant cor-
relation was found between total OB volume and MRI time 
(rho = – 0.006; p = 0.940) (Online Resource 6).

Olfactory tract alteration

Among the study population considered for the OB volume-
try, 31 additional patients were excluded because of motion 
artifacts, low image quality (n = 16), or failure in identifying 
the OTs (n = 15). One additional control was excluded for 
MR artifacts in the OT. 165 patients (median age 52 years, 
58% females) and 38 controls (median age 54 years, 50% 
females) were therefore considered eligible for the assess-
ment of OT hyperintensities. The control and patient groups 
did not significantly differ either in age (p = 0.06), nor in 
gender (p = 0.462). There was no statistically significant dif-
ference in the OT FLAIR signal intensity between patients 
and controls (284 [204–364] vs 291 [219–406], respec-
tively; p = 0.710). However, several outliers were found in 
the patient group (Fig. 6), with OT FLAIR signal intensity 
higher than any control subject. These outliers did not show 
any significant difference in age, gender, total OB volume 

and COVID-19 subgroup prevalence, as compared with the 
other patients.

Discussion

In this study, we found statistically significant OB atrophy 
in COVID-19 patients with neurological complications as 
compared with normal controls, with few cases of bilateral 
or unilateral complete OB atrophy. These findings are in line 
with previous studies showing OB volume loss occurring in 
response to upper respiratory tract infections [28–30] and 
correlating with olfactory function [11, 28, 31–33]. Moreo-
ver, our findings are also in line with previous case reports 
[14, 17] and quantitative studies [20–22], still limited to 
quite small populations, reporting OB atrophy in patients 
with COVID-19 related anosmia.

Age-related olfactory bulbs’ atrophy was found in the 
control population, in line with the well-known physiologi-
cal decline with age of the five senses, including smell [33, 
34]. Conversely, no significant difference in OB volume by 
age was found in the COVID-19 patient population, sug-
gesting that SARS-CoV-2 infection may cause OB atrophy 
in all patients irrespective of age, with effects most visible 
in young and middle-aged patients.

In this study, OD included both smell and gustation disor-
ders, since COVID-19-related taste loss most likely reflects 
a damage to the olfactory system, rather than damage to 
the taste buds or taste afferents [35]. No statistically signifi-
cant difference in OB volume was found between COVID-
19 patients with olfactory disorder and patients exhibiting 
other neurological symptoms. Some of the latter patients 
might have had OD in addition to other more severe neuro-
logical symptoms. Moreover, since the olfactory loss was 
self-reported and not assessed by any objective test, OD 
prevalence might have been underestimated, as reported in 
previous studies [9, 36]. Our results, along with a previous 
study finding no difference in OB volume between COVID-
19 patients with and without self-reported olfactory loss 
[37], suggest that OB atrophy may be associated with the 
neurological sequelae of COVID-19, even without leading to 
(self-perceivable) olfactory loss, supporting the hypothesis 
of SARS-CoV-2 using the olfactory pathway as a gateway 
to the brain. This is further supported by the findings of Gu 
et al. [38] and Buzhdygan et al. [39], but true evidence of 
the neuroinvasive potential of the Coronavirus is still miss-
ing. It may be also possible that neurological complications 
are due to para- or post-infectious immune processes occur-
ring in response to the virus. Further research is required to 
investigate this aspect.

Although this is a cross-sectional study, the absence of a 
significant correlation between MRI time and OB volume 
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suggests that the OB atrophy may be persistent over time or 
even permanent. The duration of olfactory loss following 
SARS-CoV-2 infection has been reported to be highly vari-
able, ranging from a few days to many weeks [40, 41], and 
in some cases up to 1-year after the infection [42]. Besides 
few case reports [43], to date, no relevant large studies have 
investigated OB volume evolution over time in COVID-19. 
The persistent OB atrophy observed in this study may be 
explained by a possible damage in the olfactory ensheath-
ing cells (OECs) inside the olfactory mucosa, that may lose 
their usual capability of regenerating olfactory axons within 
the olfactory nervous system [44]. Future longitudinal brain 
MRI studies are needed to clarify the temporal evolution of 
the OB atrophy in COVID-19, and therefore the transient or 
permanent nature of this structural damage.

We found no significant evidence of FLAIR signal altera-
tion within the OT in the COVID-19 patient group, except 
for few outliers. This result seems in contrast with previous 
case reports showing FLAIR hyperintensities in the OB and/
or OT of COVID-19 patients [12, 15, 19], and with few 
COVID-19 studies finding FLAIR OB hyperintensity in 12 
COVID-19 patients with neurological symptoms compared 
with age-matched controls with olfactory dysfunction [21], 
in 19 anosmic COVID-19 patients [22], and in other 19 
COVID-19 patients with persistent olfactory dysfunction 
[22]. However, beyond the limited sample size of the previ-
ous studies, likely causing possible outliers to significantly 
bias the results, there are several methodological details 
that may explain this discrepancy. Subjective appreciation 
of OT signal alterations, given the small size of the struc-
ture, could lead to misinterpretation [45]. Moreover, in the 

Fig. 4  Olfactory bulb volume 
distribution in 196 COVID-19 
patients and 39 controls, by 
gender and age. a Distribution 
of the total OB volume in the 
patient group, by gender (116 
females and 80 males). b Distri-
bution of the total OB volume 
in the control group, by gender 
(19 females and 20 males). c 
Distribution of the total OB 
volume in the patient group, by 
age (166 young patients < 65 
years and 30 elderly patients). 
d Distribution of the total OB 
volume in the control group, 
by age (28 young controls 
and 11 elderly controls). OB 
volume was normalized to brain 
volume. Abbreviations: OB 
olfactory bulb
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previous quantitative studies, OB FLAIR signal was normal-
ized based on the average signal of a ROI placed in the left 
superior [23] or ipsilateral frontal white matter [24], that 
we can not rule out being altered in COVID-19 pathology. 
Conversely, in the current study FLAIR signal was normal-
ized to the average between GM and WM FLAIR intensity, 
thus reducing the effect of possible local alterations. Last, 
even though the OT FLAIR signal intensity is known to vary 

considerably according to the MRI scanner and acquisition 
parameters, this cannot have affected our results [45] since 
all patients and controls involved in this study were acquired 
on the same scanner with the same acquisition protocol.

The main added value of this study in comparison with 
the studies published so far is the noteworthy number of 
patients that to the best of our knowledge is the largest 
COVID-19 population with quantitative analysis of the 

Fig. 5  Olfactory bulb volume distribution in 196 COVID-19 patients, 
subgrouped by neurological complication. a Distribution of the right 
OB volume in patients complaining about olfactory dysfunction only 
(OD) and patients with other neurological disorders (ND). b Distribu-
tion of the left OB volume in OD and ND patients. d Distribution of 

the total OB volume in OD and ND patients. p-value was assessed by 
t-test. OB volume was normalized to whole brain volume. Abbrevia-
tions: OB olfactory bulb, OD = olfactory dysfunction only, ND  other 
neurological disorders

Fig. 6  Median FLAIR signal intensity within the olfactory tract in 165 COVID-19 patients and 38 controls. a Distribution of the right OT inten-
sity. b Distribution of the left OT intensity.  c Distribution of the overall OT intensity. Abbreviations: OT  olfactory tract
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olfactory system ever published. Such a large population 
allowed us to investigate the effects of age, gender, and 
anosmia on olfactory bulbs’ volume, while maintaining 
adequate statistical power. Another major strength of 
this study is the MRI processing procedure specifically 
developed for the purpose of this study, which allowed 
to accurately quantify both OB atrophy and OT possible 
alterations. Last, the normalization of the olfactory bulbs’ 
volume by the brain volume is a novelty aspect, allow-
ing to account for differences in physical appearance thus 
obtaining unbiased results.

One of the main study limitations is that no COVID-19 
patients without neurological complications underwent brain 
MRI and could be used as control patients; it was there-
fore not possible to assess any possible association between 
olfactory system alterations and neurological disorders in 
COVID-19.

The rather low number of controls was mainly due to 
technical reasons. For MRI protocol consistency, it was 
not possible to include in the control group MRI scans 
acquired on MRI scanners different from the one used for 
COVID-19 patients, or before the study starting, when the 
MRI protocol adopted in this study was not in place yet. 
Moreover, we cannot rule out the possibility that some 
normal controls, despite never having COVID-19-re-
lated symptoms, were affected by entirely asymptomatic 
COVID-19 pathology, and could therefore have partly 
biased the study results. Secondly, since data acquisition 
was performed during clinical practice and not as part of 
a clinical trial, MRI time was not standardized and even 
very variable from patient to patient. Patients with olfac-
tory disorders underwent brain MRI significantly later 
than patients with additional neurological complications, 
and this could have affected the results. Thirdly, in this 
study, the olfactory disorder was self-reported and not 
quantified; therefore, it was not possible to investigate the 
association between OB atrophy and severity of the olfac-
tory dysfunction. Although the OB was clearly visible on 
coronal T2-weighted images in all cases included in the 
study, the variability in slice thickness may have affected 
OB volume quantification. Moreover, OB volumetry tech-
nique, as accurate may be, is operator dependent; possible 
inconsistencies in manual drawing of the OBs may have 
biased the results. Last, the monocentric recruitment in a 
single ethnic group could limit the generalizability of the 
study findings.

Future longitudinal studies featuring the administration 
of a validated smell test such as the Sniffin’ Sticks Test 
[46] are needed to objectively assess and quantify OD, 
investigate the correlation between OB volume and olfac-
tory function, and clarify the transient or permanent nature 
of OB atrophy in COVID-19 pathology.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00415- 023- 11561-0.
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