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Objective: Olfactory dysfunction (OD) is a common presenting symptom of COVID-19 infection. Radiological imaging of
the olfactory structures in patients with COVID-19 and OD can potentially shed light on its pathogenesis, and guide clinicians
in prognostication and intervention.

Methods: PubMed, Embase, Cochrane, SCOPUS were searched from inception to August 1, 2021. Three reviewers selected
observational studies, case series, and case reports reporting radiological changes in the olfactory structures, detected on
magnetic resonance imaging, computed tomography, or other imaging modalities, in patients aged =18 years with COVID-19
infection and OD, following preferred reporting items for systematic reviews and meta-analyses guidelines and a PROSPERO-
registered protocol (CRD42021275211). We described the proportion of radiological outcomes, and used random-effects meta-
analyses to pool the prevalence of olfactory cleft opacification, olfactory bulb signal abnormalities, and olfactory mucosa abnor-
malities in patients with and without COVID-19-associated OD.

Results: We included 7 case-control studies (N = 353), 11 case series (N = 154), and 12 case reports (N = 12). The
pooled prevalence of olfactory cleft opacification in patients with COVID-19 infection and OD (63%, 95% CI = 0.38-0.82) was
significantly higher than that in controls (4%, 95% CI = 0.01-0.13). Conversely, similar proportions of cases and controls dem-
onstrated olfactory bulb signal abnormalities (88% and 94%) and olfactory mucosa abnormalities (2% and 0%). Descriptive
analysis found that 55.6% and 43.5% of patients with COVID-19 infection and OD had morphological abnormalities of the

of the affected COVID-19 patients.

olfactory bulb and olfactory nerve, respectively, while 60.0% had abnormal olfactory bulb volumes.
Conclusion: Our findings implicate a conductive mechanism of OD, localized to the olfactory cleft, in approximately half
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INTRODUCTION

Acute olfactory dysfunction (OD) may be one of the
earliest presenting symptoms of coronavirus disease 19
(COVID-19) infection, which has been reported in 34%-—
68% of symptomatic patients.! In the context of COVID-
19 infection, acute OD is defined as decreased or altered
sense of smell of a duration of 14 days or less, in the
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absence of chronic rhinosinusitis, a history of head
trauma, or neurotoxic medications.?

While the pathogenesis of OD in COVID-19 is not
fully understood, studies have found that nasal epithelial
and sustentacular cells of the olfactory epithelium demon-
strate high expression of the angiotensin-converting
enzyme 2 receptor required for entry of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus.?? Disruption of olfactory neuroepithelial cells may
result in inflammation, causing subsequent olfactory
receptor neuron damage and impairment of neuro-
genesis.* Other studies postulate that the SARS-CoV-2
virus ascends through the olfactory cleft, cribriform lam-
ina, olfactory bulb, and olfactory nerve pathway to cause
direct central nervous system effects.”™’

COVID-19-associated OD has clinical significance, with
possible implications on long-term cognitive outcomes. While
one study has hypothesized that COVID-19-associated OD
may confer in ApoE4 carriers an increased risk of future
dementia owing to virus-induced chronic modifications in the
central nervous system,® another has demonstrated that
hyposmia may represent a useful clinical biomarker for both
neurological involvement and cognitive impairment in mild
COVID-19 infection.’
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Computed tomography (CT) and magnetic resonance
imaging (MRI) are valuable methods of evaluating the
olfactory structures in patients presenting with OD,%!!
with the ability to discriminate among various etiologies,
and guide prognostication of clinical outcomes.!! Abnor-
mal radiological findings of the olfactory structures have
been extensively studied in other conditions associated
with OD. For instance, in chronic rhinosinusitis, the
inflammatory status of the olfactory cleft on imaging has
been found to be strongly correlated with the degree of
olfactory loss.'? Structural imaging has also been used to
qualify damage to the central olfactory structures, includ-
ing volumetric reduction of the olfactory bulbs and olfac-
tory cortex, which may account for OD in mild cognitive
impairment and Alzheimer’s disease.*®

In current practice, olfactory imaging is not routinely
performed for COVID-19 patients with OD. However, neu-
roimaging abnormalities related to COVID-19-associated
OD have been gaining attention, including abnormalities
of the olfactory bulb, olfactory sulcus, olfactory cleft, and
olfactory tract on imaging.!*'® These imaging findings
may shed light on the mechanisms underlying
COVID-19-associated OD,'® offering insight into the
route of entry of the SARS-CoV-2 virus, and involvement
of anatomical structures in the brain and olfactory path-
ways.!” Moreover, knowledge gained from such data
may enable clinicians to more accurately predict the
clinical course, and develop targeted interventions to
treat COVID-19-associated OD.'®

To our knowledge, there has not yet been any study
collectively examining the current literature surrounding
this topic. Hence, we conducted a systematic review and
meta-analysis to evaluate the radiological changes in the
olfactory structures in COVID-19 patients with OD.

METHODS

Search Algorithm

This systematic review was registered on PROSPERO
(CRD42021275211), and conducted in accordance with the pre-
ferred reporting items for systematic reviews and meta-analyses
(PRISMA) 2020 guidelines.”® Searches of four databases
(PubMed, Embase, Cochrane, and SCOPUS) were conducted for
articles published from date of inception to August 1, 2021, using
search terms for COVID-19, olfactory dysfunction, olfactory
structures, and imaging modalities (full search strategy available
in Supplemental Methods). The PRISMA checklist is included in
Table S1.

Study Selection

In accordance with the Population Intervention Compari-
son and Outcome criteria framework, articles were included if
they met the following criteria: observational studies, case series,
and case reports reporting radiological changes in the olfactory
structures, detected on MRI, CT, or positron emission tomogra-
phy (PET), in patients aged 18 years and above with COVID-19
infection and OD, compared with radiological findings in control
subjects where possible. Control subjects included normosmic
individuals with COVID-19 infection and normosmic individuals
without COVID-19 infection. Non-English articles or articles
without English translation were excluded. Reviews, letters,
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conference abstracts, or other records not published as full-
length articles in peer-reviewed journals were also excluded.

Three reviewers (C.J.W.T., H.-T.L., X.Y.T.) independently
selected eligible studies (based on title and abstract, followed by
full-text articles). Any disagreement was resolved by discussion
with a fourth author (B.K.J.T.). We extracted key data from each
included article (Supplemental Methods).

Quality control was performed by using the Newcastle-Ottawa
Scale,?® acknowledged by the Cochrane Collaboration®! (Table S2).
The maximum total score was 9. As per the newcastle-ottawa scale
grading in past reviews, we graded studies as having a high
(<5 stars), moderate (5-7 stars), or low risk of bias (=8 stars).??

Statistical Analysis

All analyses were conducted using RevMan (version 5.4)
and R (version 4.0.3), in accordance with statistical approaches
laid out by the Cochrane handbook. A two-sided p value <0.05
was considered statistically significant. Sufficient information
was found in the literature to pool the proportions of patients
with olfactory cleft opacification, olfactory mucosa abnormalities,
and olfactory bulb signal abnormalities in meta-analyses. The
Q-test or the I? statistic was used to assess between-study
heterogeneity.?® There were insufficient studies and hence insuffi-
cient statistical power to assess potential sources of between-study
heterogeneity via meta-regression,??* or to assess publication
bias via visual inspection of funnel plot asymmetry, Egger’s bias,
or trim-and-fill. Descriptive analysis of overall percentages was
used for other outcomes involving the olfactory bulbs, olfactory
clefts, olfactory tracts, olfactory sulci, olfactory gyri, olfactory
nerves, olfactory cortex, cribriform plates, and paranasal sinuses,
where aggregate data were insufficient for meta-analysis.

RESULTS

The PRISMA flowchart demonstrating the study
selection process is presented in Figure 1. Literature sea-
rch of the four databases (PubMed, Embase, Cochrane,
and SCOPUS) retrieved 537 results. Fifteen duplicates
were removed. Title and abstract screening further
excluded 453 articles. Full-text screening excluded 39 arti-
cles. Thirty articles were included in the final analysis.

Study Characteristics

Study characteristics for aggregate studies and indi-
vidual case reports are summarized in Tables I-III, and
S3-S6. Briefly, there were 7 case—control studies
(N = 3853),2°31 11 case series (N = 154)'63241 apq
12 case reports (N = 12),171842-51 ith a total of
30 included studies (N = 518). Of these 518 individuals,
292 had COVID-19 infection with OD (56.4%) while the
remaining 226 were controls (43.6%). Among the control
group, 178 individuals were healthy individuals without
COVID-19 infection (34.4%), 10 were individuals with
COVID-19 infection without OD (1.9%), and 38 were indi-
viduals with anosmia due to viral illnesses other than
COVID-19 (7.4%). The percentage of males in the
included aggregate studies ranged from 25% to 60.5%,
while mean age ranged from 34.3 to 45.4 years. Case—
control study sample sizes ranged from 16 to 91. MRI,
CT, and PET were utilized in 26, 6, and 5 studies,
respectively.
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Fig. 1. Preferred reporting items for systematic reviews and meta-analyses flow diagram summary of study selection process. [Color figure
can be viewed in the online issue, which is available at www.laryngoscope.com.]

Data on individual patient outcomes were available
for 297 patients (208 with COVID-19 infection and OD,
10 with COVID-19 infection and normosmia, and
79 normosmic patients without COVID-19). In cases
where imaging findings from control subjects were not
readily available for comparison, abnormalities in olfac-
tory structures were reported based on the interpreting
radiologist’s clinical expertise. The compiled radiological
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outcomes from individual cases are summarized in
Table IV, and pictorially represented in the Figure 2.

Olfactory Cleft Opacification

Individual data on olfactory cleft opacification was
available in 115 patients with COVID-19 infection and
OD. Of these 115 patients, 66 had olfactory -cleft
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opacification noted on CT and/or MRI (57.4%). MRI dem-
onstrated bilateral and wunilateral olfactory cleft
opacification in 49 patients'®?5274% and 4 patients,
respectively.1®° In 13 patients imaged using CT, it was
not reported if opacification was found in only one or both
olfactory clefts.?! Figure 3 shows T2-weighted coronal MR
image demonstrating complete opacification of bilateral
olfactory clefts in a patient with COVID-19 and OD.*°

In the control group, 3 out of 67 patients had olfactory
cleft opacification (4.5%). One patient with COVID-19 infec-
tion without OD had bilateral olfactory cleft opacification
seen on MRI.?” In the two patients without COVID-19 infec-
tion and OD, it was not stated if opacification affected one
or both clefts on CT.3!

Data on olfactory cleft opacification in patients with
COVID-19 infection and OD, and control subjects, was
reported in five aggregate studies.!®?6273140 Data from
these aggregate studies was pooled in a meta-analysis,
along with individual patient data compiled from case
reports and small case series, as demonstrated in
Figure 4. The pooled prevalence of olfactory -cleft
opacification in patients with COVID-19 infection and OD
was 63% (95% CI = 0.38-0.82, I? = 73%, N = 115), which
was significantly higher than the pooled prevalence of 4%
(95% CI = 0.01-0.13, I> = 0%, N = 67) in control subjects,
which consisted of 7 normosmic COVID-19 patients, and
60 normosmic non-COVID-19 individuals.

Without Abnormalities
No. of Patients

Controls (n = 89; 10 COVID-19 Without OD, 79 Healthy)
Specific Abnormalities

With Abnormalities

No. of
Patients

Other Olfactory Cleft Findings

Olfactory cleft edema was noted in one patient with
COVID-19 infection and OD on MRI.*®* Normal olfactory
cleft volumes were detected in two patients with COVID-
19 infection and OD on MRI.*5:5°

TABLE IV.
Continued
Without Abnormalities

No. of Patients
13/23 (56.5%)'®

2)13

Olfactory Bulb Volumes

Among the 20 patients with COVID-19 infection and
OD, severe enlargement and edema of bilateral olfactory
bulbs were detected in 1 patient 7 days after COVID-19
diagnosis on MRI (5%).*> Conversely, small olfactory
bulbs and/or olfactory bulb atrophy were noted in
11 patients on MRI (55%). Of these 11 patients, imaging
was performed on 23 days,'® 28 days,** and more than
40 days®® after the onset of OD in 1, 1, and 7 patients,
respectively. Time of imaging in relation to symptom
onset was not reported in two patients.®”

Of the three patients with COVID-19 infection and
normal olfactory status in the control group, none had
abnormally sized olfactory bulbs seen on MRI (0%).3*

g3
Thinning with scarcity of filia (n

gyrus overlying the olfactory tract and

predominantly involving the rectus
olfactory bulb on MRI**
Evident clumping of olfactory filia

right rectal gyrus (n = 1)*2
Bilateral cortical hyperintensity
olfactory nerves (n = 1)*°

Hyperintensity in posterior portion of
n

Linear hyperintensities in bilateral

Specific Abnormalities

1/1 (100%)

COVID Patients With Olfactory Dysfunction (n = 208)

Individual Patients (n = 297)

With Abnormalities
No. of Patients
10/23 (43.5%)

Olfactory Bulb Morphology

Abnormal olfactory bulb morphology was detected in
18 out of 39 patients with COVID-19 infection and OD (46.2%).
Of these 18 patients, MRI revealed olfactory bulb asymmetry
in 3 patients.*® In another study in which oval or inverted J-
shape was considered the normal olfactory bulb morphology,
two, five, and eight patients had mild irregularity of the olfac-
tory bulb with preserved J-shape, contour lobulations, and
rectangular-shaped olfactory bulbs on MRI, respectively.'®

OD = olfactory dysfunction.

morphology-filia
architecture
intensity

Radiological Feature
Olfactory nerve signal

Olfactory nerve
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Olfactory Cleft Olfactory Bulb

Volume Volume
COVID OD : 0% (0/2) Control : 0% (0/5)

i COVID OD : 12/20 (60%)
Swelling

COVID OD : 100% (1/1) W(O/S)
8 (]
COVID OD : 46.2% (18/39)

Signal Intensity
Control : 93.4% (15/16)
COVID OD : 84% (42/50)

Control : 4.5% (3/67)
COVID OD : 57.4% (66/115)

Signal Intensity
COVID OD : 0% (0/1)
Olfactory Nerve
Morphology—Fil
Architecture

Cribiform Plate COVID OD : 43.5% (10/23)

COVID OD : 0% (0/55) Signal Intensity
COVID OD : 100% (1/1)

Olfactory Mucosa

Control : 0% (0/8)
COVID OD : 6.9% (4/58)

Olfactory Tract Q C
Volume SN
COVID OD : 50% (1/2) Paranasal Sinus 5 O

COVID OD : 12.5% (8/64)

Signal Intensity
COVID OD : 33.3% (9/27)

Olfactory Network
Functional Connectivity
Control : 0% (0/2)
I COVID OD : 100% (2/2)
Olfactory Sulcus 0T AN

Depth
(COVID OD: 0 % (0/1)

.| Core Olfactory Network
Metabolism

) ) COVID OD : 83.3% (10/12)
Signal Intensity

COVID OD: 0% (0/1) .
Olfactory Nucleus

Signal Intensity
COVID OD : 100% (1/1)

Olfactory Gyrus
Control : 100% (1/1) o U
COVID OD : 100% (3/3) ~ A A,
’ Olfactory Cortex A= TOO\
Morphology ; (€= 1 w
COVID OD : 0% (0/1)

e N
COVID OD : 20.8% (5/24)

Fig. 2. Graphical summary of individual case compilation of radiological outcomes in the olfactory structures. [Color figure can be viewed in
the online issue, which is available at www.laryngoscope.com.]

The eight patients in the control group without Olfactory Bulb Signal Intensity
COVID-19 infection and OD did not have morphological Olfactory bulb signal hyperintensity was detected in
abnormalities of the olfactory bulb (0%).%° 42 out of 50 patients with COVID-19 infection and OD on
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1268


http://www.laryngoscope.com

Fig. 3. T2-weighted coronal MR image demonstrating complete
opacification of bilateral olfactory clefts (white arrows) in a patient
with COVID-19 and olfactory dysfunction (reproduced with permis-
sion from Niesen et al.).

MRI (84%). Of these 42 patients, 8 patients had bilateral
olfactory bulb hyperintensity,'”33>3* 1 had unilateral
olfactory bulb intensity,>®> while it was not specifically
reported if hyperintensity was unilateral or bilateral in
14 patients.?82%546 In addition, 9, 11, 5, and 4 patients
had diffusely increased signal, hyperintense foci without
halo, hyperintense foci with halo, and microhemorrhages
in the olfactory bulb, respectively.'® MRI sequences
employed consisted of combinations of T1-weighted,
T2-weighted, STIR, FLAIR, diffusion-weighted, and other
additional conventional whole-brain sequences, with con-
trast used in two studies.3336:51

Conversely, olfactory bulb hyperintensity was noted
in 15 out of 16 controls on MRI (93.4%). Five of them had
COVID-19 infection without OD—three had bilateral
hyperintensity,>* one had unilateral hyperintensity,>®
while the location of hyperintensity was not described in
the remaining patient.?® The other 10 patients with olfac-
tory bulb hyperintensity were healthy controls, without
data on the location of hyperintensity.®

Data on olfactory bulb signal abnormalities in
patients with COVID-19 infection and OD, as well as
control subjects, was reported in two aggregate stud-
ies.'®28 Data from these aggregate studies was pooled
in a meta-analysis, along with individual patient data
compiled from case reports and small case series, as
demonstrated in Figure 4. The pooled prevalence of
olfactory bulb signal abnormalities in patients with
COVID-19 infection and OD was 88% (95% CI = 0.59—
0.97, I? = 47%, N = 50), while the pooled prevalence in
control subjects was 94% (95% CI = 0.66—0.99, I* = 0%,
N = 16), all of whom were normosmic non-COVID-19
individuals. Hence, olfactory bulb signal abnormalities

Laryngoscope 132: June 2022

appear to be equally represented in both cases and
controls.

Olfactory Mucosa

Four out of 58 patients with COVID-19 infection and
OD had radiological abnormalities of the olfactory mucosa
(6.9%). Four patients had thickening and edema of the
olfactory mucosa seen on MRI of the brain and olfactory
bulb, one of whom also had enhancement of the olfactory
mucosa relative to the nasal mucosa on postcontrast
media infusion.??

None of the eight patients in the control group who
did not have COVID-19 infection and OD had radiological
abnormalities of the olfactory mucosa.??

Data on olfactory mucosa abnormalities in patients
with COVID-19 infection and OD, and control subjects,
was reported in two aggregate studies.?®®® Data from
these aggregate studies was pooled in a meta-analysis,
along with individual patient data compiled from case
reports and small case series, as demonstrated in
Figure 4. The pooled prevalence of olfactory mucosa
abnormalities in patients with COVID-19 infection and
OD was 2% (95% CI = 0.00-0.92, I = 0%, N = 58), while
the pooled prevalence in control subjects was 0% (95%
CI = 0.00-1.00, I? =64%, N = 8), all of whom were
normosmic non-COVID-19 individuals.

Olfactory Tract Volumes

One of two patients with COVID-19 infection and
OD had olfactory tract edema detected on MRI (50%). In
this patient, the olfactory tract was swollen in the central
portion and edema was more prominent in the right olfac-
tory tract.!”

Olfactory Tract Signal Intensity

Olfactory tract hyperintensity was noted in 9 out of
27 patients with COVID-19 infection and OD on MRI
(33.3%). Two had bilateral olfactory tract hyperintensity
seen with FLAIR, T2 fast recovery fast spin-echo, and
post-gadolinium T1 sequences,'”®! while seven had dif-
fusely increased olfactory tract signal visualized with
T2-weighted and conventional whole brain sequences.'®

Olfactory Gyrus

Radiological abnormalities of the olfactory gyrus
were noted in three out of three patients with COVID-19
infection and OD (100%). One patient had metabolic
changes in the olfactory gyrus in the form of
hypometabolism of the bilateral olfactory—rectus gyri
detected on [18F]-fluorodeoxyglucose (FDG) PET,*! while
MRI revealed hyperintensity in the posterior portion of
the right rectal gyrus in another patient.*® The third
patient in this group had bilateral cortical hyperintensity
predominantly involving the rectus gyrus overlying the
olfactory tract and olfactory bulb on MRI.5*

Tan et al.: Neuroradiological Basis of COVID-19 OD
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Study Events Total Proportion 95%—Cl
Olfactory Cleft (COVID patients with OD)

Case report compilation 0 1 0.00 [0.00; 0.98]
Chetrit (2020) 9 19 — 0.47 [0.24;0.71]
Eliezer (2020) 19 20 — 0.95 [0.75; 1.00]
Kandemirli (2021) 17 23 — 0.74 [0.52; 0.90]
Niesen (2021) 8 12 — 0.67 [0.35; 0.90]
Yildiz (2021) 13 40 —— 0.32 [0.19; 0.49]
Random effects model 115 ———— 0.63 [0.38; 0.82]
Heterogeneity: %= 73%, Z=11 163, p <0.01

Olfactory Cleft (Controls)

Case report compilation (COVID patients without OD) 0 3 0.00 [0.00; 0.71]
Chetrit (2020) (COVID patients without OD) 1 4 0.25 [0.01;0.81]
Eliezer (2020) (healthy non—-COVID controls) 0 20— 0.00 [0.00;0.17]
Yildiz (2020) (healthy non-CQOVID controls) 2 40 +— 0.05 [0.01;0.17]
Random effects model 67 & 0.04 [0.01; 0.13]
Heterogeneity: %= 0%, 2= 0,p =0.61

Olfactory Bulb (COVID patients with OD)

Case report compilation 11 17 — 0.65 [0.38; 0.86]
Kandemirli (2021) 21 28 — 0.91 [0.72; 0.99]
Shor (2021) 10 10 _— 1.00 [0.69; 1.00]
Random effects model 50 —_— 0.88 [0.59; 0.97]
Heterogeneity: 12 = 47%, ©° = 0.9864, p = 0.15

Olfactory Bulb (Controls)

Case report compilation (healthy non-COVID controls) 5 6 0.83 [0.36; 1.00]
Shor (2021) (healthy non—-COVID controls) 10 10 E— 1.00 [0.69; 1.00]
Random effects model 16 —_— 0.94 [0.66; 0.99]
Heterogeneity: %= 0%, 2= 0,p =1.00

Olfactory Mucosa (COVID patients with OD)

Case report compilation 0 1 0.00 [0.00; 0.98]
Naeini (2020) 0 49— 0.00 [0.00; 0.07]
Tsivgoulis (2021) 4 8 0.50 [0.16; 0.84]

Random effects model
Heterogeneity: 1% = 0%, ©° = 12.3376, p = 1.00

Olfactory Mucosa (Controls)

Tsivgoulis (2021) (healthy non—-COVID controls) 0
Random effects model

Heterogeneity: not applicable

Heterogeneity: I? = 64%, ©° = 9.2567, p <0.01

0.02 [0.00; 0.92]

0.00 [0.00; 0.37]
0.00 [0.00; 1.00]

0 02 04 06 0.8 1
Prevalence of abnormalities

Fig. 4. Generalized linear mixed models random-effects meta-analysis of the pooled prevalence of olfactory cleft opacification, olfactory bulb
signal abnormalities, and olfactory mucosa abnormalities, in patients with COVID-19-associated olfactory dysfunction and in controls. Red
diamonds are the estimated pooled prevalence for each random-effects meta-analysis; gray box sizes reflect the relative weight apportioned
to studies in the meta-analysis. [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]

Hypometabolism of bilateral olfactory—rectus gyri
was noted in one patient with COVID-19 infection with-
out OD on 18F-FDG PET.*!

Olfactory Nerve Morphology and Filia
Architecture

Ten out of 23 of the patients with COVID-19 infec-
tion and OD demonstrated disruptions to the olfactory
nerve morphology or filia architecture (43.5%). Dedicated

Laryngoscope 132: June 2022
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olfactory nerve MRI showed obvious clumping of the
olfactory filia and thinning with scarcity of filia in eight
and two patients, respectively.'®

Cribriform Plate

Out of 55 patients with COVID-19 infection and OD,
none demonstrated any cribriform plate abnormalities
(0%). The cribriform plate was visualized using paranasal
sinus CT scans in 49 patients,®® and MRI in 6 patients.3%3°

Tan et al.: Neuroradiological Basis of COVID-19 OD
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Olfactory Cortex Signal Intensity

Olfactory cortex hyperintensity was noted in 5 out of
24 patients with COVID-19 infection and OD on MRI
(20.8%),'6 while no abnormal signal intensities were dem-
onstrated in the other 19 patients.!548

Core Olfactory Network Metabolism

Using 18F-FDG PET imaging, 10 out of 12 patients
with COVID-19 infection and OD were identified to have
abnormal metabolism in the core olfactory network
(83.3%). Of these patients, four had hypometabolism and
six had hypermetabolism in the nodes of the core olfac-
tory network, which are structures involved in odor
processing.*’

Paranasal Sinus

Paranasal sinus abnormalities were noted in 8 out of
64 patients with COVID-19 infection and OD (12.5%). On
MRI, two and four patients demonstrated minimal muco-
sal thickening in the ethmoid sinuses,*® and signs of
inflammation or partial obliteration in the ethmoid, sphe-
noid, and/or maxillary sinuses, respectively.’® In two
patients, discrete signs of sinus inflammation were simi-
larly noted on MRI without specification of the involved
sinuses.*°

DISCUSSION

OD can be broadly classified into conductive and sen-
sorineural types.’? The conductive subtype is character-
ized by physical obstruction of airflow to the olfactory
mucosa, and is commonly seen in nasal and paranasal
sinus disorders, with reasonably good prognosis following
treatment. The sensorineural subtype arises due to dis-
ruption of the olfactory-neural signaling pathways, and
has been attributed to upper respiratory tract infections,
neurodegenerative disorders, trauma, and toxins, with
significantly poorer prognosis.>®> Hummel et al. has also
proposed a third subtype—central dysfunction, which
arises due to damage to the olfactory processing path-
ways of the central nervous system.>*

In this systematic review and meta-analysis, we
demonstrated that olfactory cleft opacification may play a
significant role in the pathogenesis of COVID-
19-associated OD. The pooled prevalence of olfactory cleft
opacification was nearly 16-fold higher in patients with
COVID-19 infection and OD (63%), compared to controls
(4%). As integral olfactory structures, the olfactory clefts
provide a crucial channel for airborne odorant molecules
to reach the olfactory mucosa.’® The sensorial olfactory
neurons of the olfactory mucosa then pass through the
cribriform lamina and form the olfactory bulb, which con-
nects to the brain via the olfactory tract.>®

Conversely, our current findings do not support the
involvement of the olfactory bulb and olfactory mucosa in
the pathogenesis of COVID-19-associated OD. Normal
adult-type olfactory bulbs have been described in litera-
ture to demonstrating intermediate, uniform T2 signal

Laryngoscope 132: June 2022

intensity from the center to the periphery on MRI.?"?8
Our meta-analysis demonstrated that the pooled preva-
lence of olfactory bulb signal abnormalities was largely
similar in patients with COVID-19 infection and OD
(88%), and control subjects (94%). The high proportion of
abnormal findings in both cases and controls could be
attributed to the non-specific nature of olfactory bulb sig-
nal abnormalities, which may arise due to degeneration
or microbleeding,®® and the tendency for signal artifacts
in the olfactory bulb region.?® Similarly, the pooled preva-
lence of olfactory mucosa abnormalities was low in both
patients with COVID-19 infection and OD (2%), and con-
trol subjects (0%), with overlapping confidence intervals.

At present, conductive mechanisms of olfactory loss
in COVID-19-associated OD have largely been dismissed
in favor of sensorineural mechanisms,’%®' given the
absence of significant sinonasal symptoms like nasal
obstruction and mucosal congestion in COVID-19 infec-
tion.5%%2 However, our findings suggest that conductive
mechanisms may play a crucial role in mediating smell
loss in 63% of patients. Obstruction and edema of the
olfactory cleft can impede airflow and block odor mole-
cules from reaching the intact olfactory epithelium,
resulting in conductive smell loss.%® Moreover, the excel-
lent prognosis of COVID-19-associated OD, with complete
recovery in nearly 80% of patients in the first 2 months
following resolution of acute inflammation,’* appears
more consistent with initial conductive olfactory loss.
Nonetheless, involvement of the olfactory bulb and
mucosa cannot be excluded, as current imaging modali-
ties may be inadequate in detecting true viral-mediated
damage to these structures. In the small minority of
patients with persistent anosmia, delayed recovery may
be secondary to severe olfactory epithelium inflammation
causing scarring and impairment of regeneration,®® or
damage to the olfactory receptor neurons and stem cell
neurons.’® In post-viral anosmia due to non-COVID-19
infections, the small subset of patients who experience
permanent olfactory loss was similarly found to have
virus-induced sensory neuronal damage.®¢

Currently, the clinical significance of olfactory cleft
opacification in COVID-19-associated OD is not fully
known. In other rhinologic conditions like chronic
rhinosinusitis, olfactory cleft opacification may carry
prognostic significance,'? with the ability to predict olfac-
tory function scores,'? and outcomes following functional
endoscopic sinus surgery.%” It would be clinically valuable
to explore prognostic studies investigating radiological
findings in relation to anosmia recovery in COVID-19
infection.

Moreover, few cribriform plate (0%) and paranasal
sinus abnormalities (12.5%) were detected in patients
with COVID-19-associated OD, suggesting these struc-
tures are unlikely involved in the underlying pathogene-
sis. The cribriform plate supports the olfactory bulb, and
is perforated by olfactory foramina for the passage of the
olfactory nerves and anterior ethmoidal nerves to the roof
of the nasal cavity to convey smell to the central nervous
system.®® Radiological abnormalities of the cribriform
plate have largely been reported in cases of anterior skull
trauma.®® Conversely, radiological abnormalities of the
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paranasal sinuses are frequently observed in inflamma-
tory sinonasal disorders.”®

Apart from COVID-19 infection, OD may also be a
feature of other viral infections.” Post-viral anosmia
arises due to underlying mucosal congestion and nasal
obstruction causing conductive olfactory loss.”” In one
included study,®® 38 control subjects had anosmia second-
ary to non-COVID-19 viral infections. While olfactory
cleft widths, volumes, and T2 signal intensities were sig-
nificantly increased in COVID-19 and non-COVID-19
viral anosmia groups compared to healthy controls, there
were no significant differences in these parameters
between both anosmia groups. Therefore, it is possible
that COVID-19 and other viral infections may share simi-
larities in their pattern of involvement of olfactory
structures.

Strengths and Limitations

To the best of our knowledge, this is the first meta-
analysis pooling and analyzing radiological changes to
olfactory structures in patients with COVID-19 infection
and OD. A wide variety of radiological outcomes in spe-
cific olfactory structures was investigated.

Nonetheless, this study should be interpreted in the
context of known and potential limitations. First, data
from case reports and small case series were included.
These studies are inherently subjected to higher risk of
bias than consecutive case series, cohort studies, and
case—control studies. However, given the resource con-
straints of the pandemic, and difficulty in procuring MRI
findings, such a review decision was necessary. As seen in
Figure 4, the compilation of case reports yielded a preva-
lence remarkably similar to that of aggregate studies and
pooled effect, and exclusion of case reports did not sub-
stantially change the pooled effect.

Second, several radiological outcomes lack data per-
taining to control subjects, including abnormalities in the
paranasal sinus, olfactory nerve, olfactory tract, and
olfactory cortex. This has limited our ability to draw
robust conclusions about their significance. Greater
access to studies reporting radiological abnormalities in
these structures in wider populations may elucidate their
clinical significance in COVID-19-associated OD.

In addition, only 10 out of 89 control subjects in this
study had COVID-19 infection and normosmia, of which
7 demonstrated structural and/or functional abnormali-
ties (70%). Given the small number of patients in this
group, the significance of these findings is uncertain.
Normosmic COVID-19 individuals may also demonstrate
sub-clinical radiological abnormalities, since the SARS-
CoV-2 virus has been postulated to infect individuals via
a similar pathway with colonization and inflammation of
the nasal respiratory and olfactory epithelium.”® None-
theless, a radiological study (N = 55) found that few
normosmic COVID-19 showed significant nasopharyngeal
thickness (7%) or olfactory cleft opacification (7%) on CT
or MRL.”* With substantial heterogeneity in current
studies, extensive analysis of olfactory imaging findings
in a significant population of COVID-19 normosmic
patients is required.
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Furthermore, there was significant between-study
heterogeneity in terms of imaging protocols. Among the
12 aggregate studies included, dedicated olfactory system
MRI was performed only in Kandemirli,'® and
Altundag.®® Instead, most included studies either added
one sequence for the olfactory region or utilized whole
brain MRI scans. As such, subtle abnormalities in olfac-
tory structures could have been undetected. The olfactory
nerve, being small, is also best visualized on dedicated
skull base MRI scans.'® In addition, most studies lacked
specific control or pre-contrast, and blood-specific
sequences. Study participants also largely did not have
baseline scans taken before the onset of COVID-19 infec-
tion to account for pre-existing radiological abnormalities.
Therefore, this poses a challenge in determining if olfac-
tory imaging abnormalities can be attributed solely to
COVID-19 infection and OD.

Future studies should investigate radiological
changes to the olfactory structures in a longitudinal fash-
ion. By following patients up over a protracted duration,
improvement or progression of imaging findings can be
tracked, with correlation to patients’ clinical symptoms.
Changes in radiological findings in response to targeted
treatment for OD may also be useful to monitor, and may
inform the wunderlying mechanisms of COVID-
19-associated OD. In addition, other long-term clinical
outcomes following COVID-19 infection, including post-
infectious cognitive outcomes,’ can also be explored.
Lastly, correlation of our findings with histopathological
studies may potentially reveal greater mechanistic data.
However, large cohort studies investigating histopatho-
logical findings are largely unfeasible, requiring either
invasive endoscopic biopsy, or post-mortem autopsy in
deceased patients who had COVID-19-associated OD.

CONCLUSION

In this systematic review and meta-analysis, we
investigated a wide range of radiological abnormalities of
the olfactory structures in COVID-19-associated
OD. Olfactory cleft opacification is a key radiological
marker of COVID-19-associated OD, while other findings
like olfactory bulb signal abnormalities, and olfactory
mucosa abnormalities, appear less related. This has mech-
anistic implications and suggests that conductive mecha-
nisms of olfactory loss may have an important role in the
pathogenesis of COVID-19-associated OD. Such imaging
findings may also guide prognostication and treatment of
OD. Inclusion of studies with larger sample sizes, robust
study designs, data on normosmic COVID-19 controls, and
consistent imaging techniques specific to the olfactory sys-
tem will allow more reliable conclusions to be drawn. Nev-
ertheless, given the resource constraints, our findings
represent the best available current evidence in the con-
text of the pandemic.
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