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Abstract

Brain structural features of healthy individuals are associated with olfactory functions. However, due to the pathophysi-
ological differences, congenital and acquired anosmia may exhibit different structural characteristics. A systematic review
was undertaken to compare brain structural features between patients with congenital and acquired anosmia. A systematic
search was conducted using PubMed/MEDLINE and Scopus electronic databases to identify eligible reports on anosmia and
structural changes and reported according to PRISMA guidelines. Reports were extracted for information on demographics,
psychophysical evaluation, and structural changes. Then, the report was systematically reviewed based on various aetiologies
of anosmia in relation to (1) olfactory bulb, (2) olfactory sulcus, (3) grey matter (GM), and white matter (WM) changes.
Twenty-eight published studies were identified. All studies reported consistent findings with strong associations between
olfactory bulb volume and olfactory function across etiologies. However, the association of olfactory function with olfactory
sulcus depth was inconsistent. The present study observed morphological variations in GM and WM volume in congenital
and acquired anosmia. In acquired anosmia, reduced olfactory function is associated with reduced volumes and thickness
involving the gyrus rectus, medial orbitofrontal cortex, anterior cingulate cortex, and cerebellum. These findings contrast
to those observed in congenital anosmia, where a reduced olfactory function is associated with a larger volume and higher
thickness in parts of the olfactory network, including the piriform cortex, orbitofrontal cortex, and insula. The present review
proposes that the structural characteristics in congenital and acquired anosmia are altered differently. The mechanisms behind
these changes are likely to be multifactorial and involve the interaction with the environment.

Keywords Congenital anosmia - Acquired anosmia - Idiopathic olfactory loss - Upper respiratory tract infection - Post-
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Introduction

The etiologies of olfactory dysfunction include congenital
causes, ageing, idiopathic changes, infections of the upper
respiratory tract (URTI), sinonasal disease (SND), traumatic
brain injury (TBI), and neurologic illnesses including Alz-
heimer’s disease, multiple sclerosis and Parkinson’s disease
(Wiesmann et al. 2001; Barresi et al. 2012). Olfactory dys-
function can affect all areas of life—from preparation and
enjoyment of foods to the appreciation of the fragrances
of flowers, detection and avoidance of hazardous odours,
maintenance of personal hygiene, and the social or intimate
interactions with others (Stevenson 2009; Croy et al. 2014).

The sense of smell allows us to identify the chemical nature
in the surroundings. Sensory neurons in the nose detect odour
molecules and transmit signals to the olfactory bulb (OB),
a structure in the forebrain where initial odour processing
occurs (Han et al. 2019). The OB collects the sensory affer-
ents of the olfactory receptor cells located in the olfactory
neuroepithelium. The axonal projections are then conveyed
with a relay in the OB to the piriform cortex through the olfac-
tory tract (Gottfried 2010). The piriform cortex projects to
multiple brain regions within the limbic system. This system
is directly connected with the frontal cortex through path-
ways to the posterior orbitofrontal cortex (OFC) as well as
indirectly via the mediodorsal thalamic nucleus (Carmichael
et al. 1994; Illig 2005). The OB is closely related to the olfac-
tory sulcus (OS), located in the frontal lobe (Rombaux et al.
2009b). Previous studies suggest the OB volume (Mazal
et al. 2016; Shehata et al. 2018; Yousem et al. 1996b), and
OS depth (Miao et al. 2015) change according to different
types of olfactory disorders suggesting that peripheral olfac-
tory input influences the OB volume, in which OB volume is
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smaller, and OS depth is shallow in anosmic patients. Little
is known about cortical brain areas beyond the OB and OS.
Only a few studies reported pattern and variability of grey
matter (GM) and white matter (WM) in patients with olfac-
tory loss (Bitter et al. 2010a, b; Peng et al. 2013; Yao et al.
2018; Yousem et al. 1996a).

Previous studies have examined how the human sense of
smell is linked to morphological variations in the GM, espe-
cially in the piriform cortex and OFC. Delon-Martin et al.
(2013) reported that healthy expert perfumers had increased
volume in the bilateral posterior gyrus rectus extending into
the medial orbital gyrus within the medial OFC (mOFC) com-
pared to healthy controls. Additionally, age and years of pro-
fessional experience were positively associated with increased
volume in the bilateral piriform cortex (Delon-Martin et al.
2013). Studies of patients with hyposmia and anosmia due
to various causes were reported to have decreased volumes
of right but not left piriform cortex (Bitter et al. 2010a, b)
and reduced volume in right mOFC in patients with anosmic
(Bitter et al. 2010b). In contrast to acquired loss, individuals
with congenital anosmia had increased volume of the left piri-
form cortex and increased thickness of anterior medial orbital
gyrus bilaterally with no apparent volume changes (Frasnelli
et al. 2013). Karstensen et al. (2018) also reported congenital
anosmia and found reduced GM volume in the left mOFC
and increased volume in the right piriform cortex and superior
frontal sulcus (SFS) (Karstensen et al. 2018). Another study
that also reported congenital anosmia demonstrated GM vol-
ume atrophy in bilateral olfactory sulci (Peter et al. 2020).
Peter et al. (2020) further showed increased GM volume and
cortical thickness in the medial orbital gyri, regions closely
associated with olfactory processing, sensory integration, and
value-coding (Peter et al. 2020). Taken together, findings to
date indicate the morphological changes within the cortex
and areas related to olfactory processing vary as a function of
olfactory ability. However, it is unclear whether GM and WM
expansion or shrinkage differences are connected to different
types of olfactory impairment, i.e., acquired and congenital
anosmia. This systematic review aims to evaluate the associa-
tions between quantitative measures of olfaction to brain struc-
tures among patients with acquired and congenital anosmia. A
comprehensive understanding of the anatomy and pathophysi-
ology found in the anosmic population is critical to improve
our understanding of olfactory loss and olfactory function in
healthy people.

Methods
Search strategy and study selection

Two independent researchers (HAM and NY) conducted a
systematic search using PubMed/MEDLINE and Scopus



Brain Structure and Function (2022) 227:177-202

179

= Database searches Database searches Additional records
o . .
= identified through
= PubMed/MEDLINE SCOPUS other sources
b= (n=1180) (n=2378) (n=38)
2
Remove based on tittle
el (n = 1260)
=
3_6 Abstract review
2 (n=306)
Remove based on abstract
o (n=221)
E Full text articles assessed for eligibility
2 (n=85) Full text excluded, with reasons
= (n=157)
Case report/case series/review/letter to
editor
Hyposmia
Pet-CT/fMRI/DTI
< Depression/stress/PTSD
g Cognitive training/training
% Wilson Disease/
k= Tumour/cancer
Sleep disorder
. - . - Lupus
Studies included in quantitative synthesis Autism
(n=28) Covid-19

Fig. 1 Diagram of the search process for studies included in the present systematic review

electronic databases. The systematic search method used
in the present study was based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines
(PRISMA) (Moher et al. 2009) and followed previous stud-
ies (Yahya and Manan 2019, 2020a, b; Yahya et al. 2018;
Manan et al. 2020a, b, 2021; Yap et al. 2021). The search
was performed to identify studies reporting congenital anos-
mia and acquired anosmia using magnetic resonance imag-
ing (MRI). Article search was conducted between the earli-
est record and 26 July 2021. Search terms were as follow:
((((((((((anosmia)) OR (congenital anosmia)) OR (acquired
anosmia)) OR (smell impairment)) OR (olfactory loss)) OR
(olfactory dysfunction)) OR (olfactory deficit)) OR (smell
blindness)) OR (smell dysfunction)) AND ((( (Magnetic
resonance imaging)) OR (MRI)) OR (MR Imaging)). We
also manually checked for related articles in references and
citations through the Google Scholar database. There was no
limitation on the publication date. All records were grouped
into a final database after removing duplicates, followed by
screening the titles and abstracts and finally full-text article
screening and eligibility by HAM and NY, independently,
the details of the selected studies are tabulated in Fig. 1.
Consensus for eligibility was reached through discussion.

We used an assessment tool from the National Heart, Lung
and Blood Institute, Quality Assessment Tool for Obser-
vational Cohort and Cross-Sectional Studies, to assess the
quality of included studies https://www.nhlbi.nih.gov/health-
topics/study-quality-assessment-tools.

Inclusion criteria and exclusion criteria

Original studies reported in peer-reviewed journals describ-
ing research on structural brain changes in anosmia using
MRI were included. We included studies describing research
on patients with anosmia (congenital and acquired) that
include studies that used standardised measures of olfac-
tory function, e.g., the measurement of odour threshold, dis-
crimination and identification (TDI score) (Hummel et al.
2017), and assessing any olfactory component; OB volume,
OS depth, WM, and GM. We excluded all review articles as
well as case reports and case series studies. We also exclude
functional MRI (fMRI), diffusor tensor imaging (DTI), elec-
tro-encephalography (EEG), and magneto-encephalography
(MEG) studies. We also exclude olfactory dysfunction in
relation to neurodegenerative diseases and neuropsychiat-
ric disorders such as; Alzheimer's and syndromes such as
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Kallmann and Bardet Biedl syndromes. Finally, we exclude
anosmia in patients with SARS-CoV-2 or COVID-19 infec-
tion because findings on COVID-19 are currently devel-
oping and unclear. We estimate that olfactory loss due to
COVID-19 requires an independent review due to its emerg-
ing nature. Following the removal of duplicates and citations
from non-English language journals, those evidently outside
the review’s scope were rejected. From the eligible studies,
the following variables were recorded: year of publication,
country, study author(s), analysis mode, participants’ demo-
graphics, including age, handedness, duration of olfactory
loss, psychophysical and physiological tests, and principal
findings.

Results
Study demographics and details

Table 1 provides a summary of demographic information of
anosmic patients with various etiologies, including congeni-
tal anosmia, idiopathic olfactory loss (IOL), infections of the
upper respiratory tract (URTI), and traumatic brain injury
(TBI). Across 28 studies, 2024 participants have investi-
gated; 1639 patients and 385 healthy controls. Generally,
studies have reasonable quality, as shown in Supplementary
A. Sample size calculations were rarely mentioned, and the
number of anosmic patients reported was between 3 and 378
patients per study. None of the studies was blinded due to
the nature of the studies, which require the direct involve-
ment of personnel-in-charge. Gender of participants were
reported in some of the studies and indicated slightly more
females (anosmia: males =581, females = 625 and not men-
tioned =433, healthy controls: male =173, female =196 and
not mentioned = 16). The studies were conducted in multiple
countries, including South Korea, The Netherlands, Ger-
many, Belgium, PR China, the USA, and Taiwan. The age
of the participants ranged from 9 to 73 years old. Seventeen
studies compared anosmic patients to age-and sex-matched
healthy controls. However, no study conducted separate
analyses based on age and gender. Seven studies exclusively
accrued right-handed participants (Bitter et al. 2010a, b;
Peng et al. 2013; Yao et al. 2014, 2018; Miao et al. 2015;
Frasnelli et al. 2013; Jiang et al. 2009a, b). Information pro-
vided on the duration of olfactory loss varied across studies
(10 days to 600 months). However, for congenital anosmia,
the time of diagnosis was typically not provided. Most stud-
ies performed nasal endoscopy to screen for obstructive or
inflammatory causes of smell dysfunction.

All studies used validated measures to measure olfac-
tory outcomes. Twenty-two studies used a standardised
measure of olfactory function in their cohort, the “Sniffin’
Sticks”. The test is composed of three parts: odour threshold
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for n-butanol or phenyl ethyl alcohol (7), odour discrimi-
nation (D), and odour identification (/). The final score is
expressed as the sum of the 7, D, and / value. Five studies
used “T&T olfactometry” (Kondo et al. 1998), and four stud-
ies used the University of Pennsylvania Smell Identification
Test (UPSIT) (Doty et al. 1984). Seven studies included
symptom questionnaires and other assessments such as the
Sino-Nasal Outcome Questionnaire of Olfactory Disorder
(QOD) (Frasnelli and Hummel 2005), picture identification
test, mini-mental status examination (MMSE) (Folstein et al.
1975), and MoCA test (Nasreddine et al. 2005).

OB volume

In the present study, we note that the measuring technique
used to measure the OB volume can make a difference to
the outcomes. Moreover, none of the studies reported the
details of the method used. However, we expected that dif-
ferences between the techniques are within an acceptable
range. The MRI and psychophysical result of patients with
anosmia, including the OB volume and OS depth, are pro-
vided in Table 2. The range of OB volume for IOL patients
on the right is between 26.90 mm?® and 31.94 +3.33 mm?
and 26.50 mm” to 31.68 +3.24 mm” for the left. Patients
with URTI, 29.20 +7.20 mm? on the right and 26.90 + 5.80
mm? on the left hemisphere (Rombaux et al. 2006a, b, c).
One study reported combining the right and left OB volume,
49.20+20.10 mm? (Rombaux et al. 2009a, b). Patients with
TBI show a wide range of OB volumes; 19.20+9.10 mm?>
to 45.20 mm? for the right and 17.60+9.70 mm? to 46.30
mm? for the left hemisphere. Compared to other etiologies,
patients with congenital anosmia shows the smallest OB
volumes; 19.74 +21.16 mm? for the right and 21.15+23.83
mm? for the left hemisphere (Karstensen et al. 2018). When
comparing the average OB volumes between left and right
hemispheres with aetiology, OB volume on the right side
was larger in IOL, URTI, and TBI. However, congenital
anosmia shows a contradictory result where the OB volume
is more prominent on the left. Results also show that the
OB volumes differ in relation to the cause of the olfactory
disorder. As predicted, relative to healthy controls, patients
with anosmia had significantly smaller OB volumes. The
range of OB volume in healthy controls is between 37.90
mm? and 93.50 mm? on the right and 36.60 mm® and 91.60
mm? on the left. The typical human OB volume is about 58
mm? and contains about 5500 glomeruli (Weiss et al. 2019).
Interestingly, there are people with a functioning sense of
smell but without OB or radically small OB (Rombaux et al.
2009b). The studies suggested that very few people can per-
form basic olfaction even without OB, implying plasticity in
the functional neuroanatomy of the sensory system (Weiss
et al. 2020).
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Most of the studies demonstrated a positive correla-
tion between OB volume and olfactory function across the
etiologies, details in Table 3. However, in an older study,
Doty et al. (1997) found that this correlation is only pre-
sent in male patients. The study reported TBI patients
with a large sample size, 148 males and 120 females. Four
studies reported the association between OB volume and
the duration of olfactory loss. A positive correlation was
found in Rombaux et al. which reported 11 patients with
URTI and olfactory loss duration ranging between 1 and
15 months. The others reported a different finding. Yao et al.
(2018) reported this dissociation only in the right OB and
right olfactory cortex (OFC) and reported 19 patients with
URTT. The duration of olfactory loss ranged between 6 and
104 months. Furthermore, both Goektas et al. (2009) and
Chung et al. (2018) reported an inverse correlation between
OB volume and the duration of olfactory dysfunction. Both
studies reported anosmia with various etiologies with small
sample sizes; 10 and 34 patients, respectively. The olfactory
loss duration reported in Goektas et al. ranged between 7 and
600 months and in Chung et al. between 2 and 552 months.
Goektas et al. (2009) agreed that the outcomes could be due
to the small study population.

Most selected studies do not evaluate the correlation
between OB volume and ageing exclusively. Chung et al.
(2018) reported anosmia with various etiologies and found
no correlation between OB volume and age. In contrast,
Miao et al. (2015) reported that older patients had smaller
OB volume; however, the result cannot be concluded due to
TBI or natural ageing. There is a correlation between OB
volume and age in healthy participants, although this is not
particularly strong (Cullu et al. 2020; Kondo et al. 2020).
However, for patients with olfactory dysfunction, the corre-
lation between OB volume and age is challenging to evaluate
due to the underlying olfactory loss.

Finally, seven studies (64%) reported a positive correla-
tion between OB volume and TDI scores. The remaining
four studies observed no correlation between both OB vol-
ume and TDI score (Rombaux et al. 2006a, b, c; Han et al.
2018; Yousem et al. 1996a; Goektas et al. 2009).

0S depth

The average OS depth in patients with IOL is 8.80 mm for
the right and 8.90 mm for the left (Rombaux et al. 2010a,
b). For URTI, the mean right depth is 9.50 +1.90 mm and
8.60+2.00 mm for the left hemisphere. OS depths for
patients with TBI are 8.18 +1.18 mm for the right and
4.45+1.45 mm for the left. Compared to other aetiolo-
gies, congenital anosmia shows the shallowest OS depth,
between 4.20 +3.25 mm and 6.40 + 3.40 mm for the right
and 3.33 +3.34 mm and 5.30+3.40 mm for the left; the
details are tabulated in Table 2.

@ Springer

Five studies of both congenital and acquired anosmia
repored the association between OS depth and olfactory
function. Three studies reported a positive correlation
(Karstensen et al. 2018; Huart et al. 2011; Abolmaali et al.
2002), and reported patients with congenital anosmia with
sample sizes: 17, 36, and 21 patients, respectively. Two stud-
ies found that only the right OS correlates with olfactory
function (Hummel et al. 2015; Miao et al. 2015). Hummel
et al. reported anosmia with various etiologies in a large pool
of patients (n=378), and Miao et al. reported TBI patients
with 26 patients.

Voxel-based morphometry

Nine studies evaluated voxel-based morphometry (VBM).
Three studies of patients with congenital anosmia exhibit
larger GM volumes in a few regions such as the left medial
frontal gyrus (MFQG), right superior frontal sulcus (SFS)
(Karstensen et al. 2018), left entorhinal cortex, left piriform
cortex (Frasnelli et al. 2013) bilateral medial orbital gyrus
(MOG) and right posterior orbital sulcus (POS) (Peter et al.
2020). Furthermore, this study also reported larger WM
density in the areas, including the left insula and the region
posterior to the parietal operculum (Frasnelli et al. 2013).
These findings were in contrast to those observed in patients
with acquired anosmia, where the reduced olfactory func-
tion is associated with reduced GM and WM volumes and
thickness (Han et al. 2018; Bitter et al. 2010a, b; Peng et al.
2013). The areas that show a reduction in GM volume and
density were including gyrus rectus, medial orbitofrontal
cortex (OFC), anterior cingulate cortex, insula, and cerebel-
lum (Bitter et al. 2010a, b; Peng et al. 2013; Yao et al. 2014;
Han et al. 2018). Details of the GM/WM areas and size are
shown in Table 4 and Fig. 2.

A positive correlation between disease duration and GM
atrophy was reported. Two studies found that longer disease
duration was associated with stronger atrophy in GM, and
these studies reported patients with various etiologies. Bitter
et al. (2010a, b) further proposed that patients with disease
duration longer than 2 years showed more robust atrophy
than patients who were anosmic for less than 2 years. The
areas included the nucleus accumbens, the medial prefron-
tal cortex (MPC), and the dorsolateral prefrontal cortex
(DLPFC). All the involved regions are part of the basal gan-
glia limbic loop, except the DLPFC, a secondary olfactory
area. GM volume reduction in the piriform cortex, insular
cortex, orbitofrontal cortex, hippocampus, parahippocam-
pal gyrus, supramarginal gyrus, and cerebellum was also
reported (Peng et al. 2013; Bitter et al. 2010a, b).
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Table 4 Summary of studies included in which VBM has been used to assess changes and alteration in the olfactory system

Author VBM (cm?®)

Various etiology

(Bitter et al. 2010b) Anosmia <HC (p <0.001)
L MCC/ACC=16,663 (cluster size)
R DLPFC=3112 (cluster size)
R SOG=1750 (cluster size)
R NAc/SCG=1667 (cluster size)
R Cerebellum= 1605 (cluster size)
R SFGm =933 (cluster size)
R Precuneus =850 (cluster size)
R SMG =772 (cluster size)
L MOG =754 (cluster size)
R Lingual gyrus =648 (cluster size)
L Precentral gyrus=638 (cluster size)
R Parahippocampal gyrus/fusiform gyrus =453 (cluster size)
R OFC =347 (cluster size)
L MTG =330 (cluster size)
L ITG =280 (cluster size)
R Hippocampus =213 (cluster size)
R STG S =140 (cluster size)
L IPC =126 (cluster size)
R IC=112 (cluster size)
R PC =90 (cluster size)

(Peng et al. 2013) Anosmia <HC (p <0.001)
R ACC =48 (cluster size)
L ACC=519 (cluster size)
R OFC=11 (cluster size)
L OFC =463 (cluster size)
R MTG =679 (cluster size)
L MTG =279 (cluster size)
R ITG=60 (cluster size)
L ITG=160 (cluster size)
R STG=1987 (cluster size)
L STG=2287 (cluster size)
R MFG =731 (cluster size)
L MFG =477 (cluster size)
R SFG =158 (cluster size)
L SFG =34 (cluster size)
R MOG =164 (cluster size)
L MOG =78 (cluster size)
R Parahippocampal gyrus/fusiform gyrus =398 (cluster size)
L Parahippocampal gyrus/fusiform gyrus=345 (cluster size)
R Supramarginal gyrus =249 (cluster size)
L Supramarginal gyrus=_862 (cluster size)
R Cerebellum =262 (cluster size)
L Cerebellum=151 (cluster size)
R Anterior insular cortex = 1023 (cluster size)
R Piriform cortex =25 (cluster size)
R SCG =28 (cluster size)
R Precuneus = 133 (cluster size)
Idiopathic olfactory loss
(Yao et al. 2014) Pt.: Average total brain volume: 1139.6 +76.7
China Mean GM volume: 560.5 +49.6
HC: Average total brain volume: 1141.9+95.8
Mean GM volume: 599.8 +48.4
Both whole brain and GM volume alterations were not different between 2 groups
Upper respiratory tract infection (postinfectious olfactory loss)

(Yao et al. 2018) Average total brain volume: 1126.1+64.9
GM volume: 542.9 +36.7

@ Springer
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Table 4 (continued)

Author

VBM (cm?®)

Congenital anosmia
(Karstensen et al. 2018)

Congenital anosmia > HC (p g receq < 0-05)

L MFG=1236 (cluster size)
R SFS =943 (cluster size)

(Frasnelli et al. 2013)

Congenital anosmia > HC (p <0.001)

L Entorhinal cortex =28 (cluster size)

L Piriform cortex =12 (cluster size)

WM: L superior longitudinal fasciculus =534 (cluster size)
WM: L superior longitudinal fasciculus = 134 (cluster size)
WM: R STSsuperior temporal =3 (cluster size)

(Peter et al. 2020)

Congenital anosmia <HC p_ . ecteq < 0-05

L Olfactory sulcus =2185 (cluster size)

R Olfactory sulcus=2135 (cluster size)
Congenital anosmia >HC p_ . ectea < 0-05
L Medial orbital gyrus=532 (cluster size)
R Medial orbital gyrus =244 (cluster size)
R Posterior orbital sulcus =8 (cluster size)
* Cluster size has unit mm?

Traumatic brain injury
(Han et al. 2018)

HC > anosmia (p,correctea < 0-001)

LR Gyrus Rectus, LR Medial OFC, LR Anterior Cingulate Cortex, L. Caudate
and R SFG=5403 (cluster size)
L Insula, L Inferior FOFC, L Frontal Inferior Triangular Gyrus =881 (cluster

size)

LR olfactory, L thalamus, L caudate =472 (cluster size)

L inferior temporal lobule L fusiform gyrus=317 (cluster size)
L cerebellum =179 (cluster size)

L ITL =219 (cluster size)

R Calcarine, LR lingual = 141 (cluster size)

R fusiform gyrus=110 (cluster size)

L MCC=101 (cluster size)

(Yousem et al. 1996a)

Pt.: Average total brain volume (temporal lobe) 69 864.5 mm?

Mean total brain volume right and left hemisphere (25 patients):
70 094 mm? and 69 635 mm?, respectively
(SD, 8216 mm? and 10 516 mm?, respectively)

L left, R right, OFC orbital frontal cortex, Pt. patient, OB olfactory bulb, TDI score Threshold-Discrimination-Identification score, 7 thresh-
old, D discrimination, / identification, OD olfactory dysfunction, /OL idiopathic olfactory loss, GM gray matter, ERPs event related potentials,
0ERPs olfactory event related potentials, SFS superior frontal sulcus, MFG middle frontal gyrus, MPC medial prefrontal cortex, DLPFC dorso-
lateral prefrontal cortex, ACC anterior cingulate cortex, MTG middle temporal gyrus, STG superior temporal gyrus, SMG supramarginal gyrus,
SFG superior frontal gyrus, MOG middle occipital gyrus, MCC middle cingulate cortex, ACC anterior cingulate cortex, /TG inferior temporal
gyrus, SFS superior frontal sulcus, MPC medial prefrontal cortex, SCG subcallosal gyrus, NAc =nucleus accumbens, SOG = superior occipital

gyrus, IC =anterior insular cortex, SMG = supramarginal gyrus

Discussion

This present review is the first systematic review summa-
rising the evidence of anatomical changes of the brain fol-
lowing congenital and acquired anosmia. The heterogeneity
of the findings was high due to the differences in factors,
including population, aetiology, and the complexity of brain
interaction with the respective disorders. Despite these dif-
ferences, olfactory bulb volume was found to be consistently
associated with olfactory function. The most interesting
findings were the larger volumes of GM and WM in a few
areas related to olfactory processing, sensory integration,
and higher-order olfactory memory (prefrontal and limbic

cortices) in congenital anosmic patients. This finding con-
trasts with smaller GM and WM volumes in patients with
acquired olfactory loss.

Anosmia related to structural alteration

0B, 0S, and olfactory function

The present review demonstrated that both right and left OB
volumes were significantly smaller in anosmic patients than
healthy controls. The difference is likely due to the decline

of sensory input from the periphery to the OB, leading to
decreased olfactory neurons passing through the cribriform

@ Springer
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Congenital Anosmia

Compared to Healthy Control

(Karstensen et al. 2018)

Acquired Anosmia

Compared to Healthy Control

(Bitter et al. 2010)

| LMCC/ACC

| RDLPFC | ROFC

| RSOG | LMTG

| RNAc/SCG | LITG

| R Cerebellum | R Hippocampus
| R SFGm I RSTG S

| R Precuneus | LIPC

| R SMG IRIC

| LMOG | RPC

| R Lingual gyrus
| L Precentral gyrus
| R Parahippocampal gyrus/fusiform gyrus

(Peng et al. 2013)

L ACC | R MFG
(Frasnelli et al. 2013) t Eggg | L MFG
1 L Entorhinal cortex Grey Matter and | R MTG | RSFG
1 L Piriform cortex . | L SFG
1 WM: L superior longitudinal fasciculus White Matter { ;%EG | RMOG
1 WM: L superior longitudinal fasciculus Changes t LITG | LMOG
1 WM: R STSsuperior temporal LR STG | R Cerebellum
(Peter et al. 2020) Y LBIG f Ilii?ti?iccﬁuilrzular
' | R Piriform cortex
| L Olfactory sulcus | R SCG cortex

| R Olfactory sulcus

1 L Medial orbital gyrus
1 R Medial orbital gyrus
1 R Posterior orbital sulcus

| R Precuneus

| R Parahippocampal gyrus/fusiform
| L Parahippocampal gyrus/fusiform
| R Supramarginal gyrus

| L Supramarginal gyrus

(Han et al. 2018)

| LR Gyrus Rectus, LR Medial OFC, LR Anterior
Cingulate Cortex, L Caudate and R SFG

| L Insula, L Inferior FOFC, L Frontal Inferior
Triangular Gyrus

| LR olfactory, L thalamus, L caudate

| L inferior temporal lobule L fusiform gyrus
| L cerebellum

JLITL

| R Calcarine, LR lingual

| R fusiform gyrus

| LMCC

Fig.2 Diagram of the grey matter and white matter alteration in congenital and acquired anosmia

plate (Schofield et al. 2014). This is likely when the olfactory
fibres are damaged after TBI or when metaplasia developed
within the olfactory neuroepithelium after a URTI (Muel-
ler et al. 2005). Among all aetiologies, the most altered OB
volume was observed in patients with congenital anosmia,
followed by TBI (which has a broader range of OB volume);
however, URTI and IOL show equal OB volume range. Pos-
sible explanations are discussed below.

The right OB volumes were larger in patients with IOL,
URTI, and TBI. However, the observation was the oppo-
site in patients with congenital anosmia except in one study
(Karstensen et al. 2018). Possibly, there was no OB visible,

@ Springer

or the OB was too small or too variable in congenital anos-
mic patients to allow for consistent volumetrics (Boesveldt
et al. 2017). For patients with IOL, URTI, and TBI, this
finding is in line with some evidence demonstrating that
the right hemisphere is more critical for higher-order pro-
cessing of smell sensation (Jones-Gotman and Zatorre 1993;
Zatorre et al. 1992; Hummel et al. 2015). The absence of
the OB in congenital anosmia patients can be explained by
aplasia or hypoplasia of OB (Yousem et al. 1996b). Struc-
tural alterations in congenital anosmic patients are not only
limited to OB volume, but also in OS depth. The OS depth,
located between the medial orbital gyrus and gyrus rectus in
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the frontal lobe and positioned over the olfactory tract and
OB, is considered another significant parameter for evaluat-
ing the olfactory processing system with MRI (Karstensen
et al. 2018). The OS depth is reduced in anosmic patients
(Abolmaali et al. 2002; Buschhiiter et al. 2008). This is fur-
ther supported by the observation that patients with con-
genital anosmia show the smallest OB volume and shallow
OS depth than other aetiologies. The present review also
observes that OS depth is consistently deeper on the right
compared to the left side (Hummel et al. 2003). The present
study observed a similar pattern of this laterality in healthy
controls. Furthermore, lateralisation of OS depth may cor-
relate to functional lateralisation in the olfactory system
(Hummel et al. 2003). The same finding was observed in
previous studies (Rombaux et al. 2006a, b, c; Abolmaali
et al. 2002; Peter et al. 2020), supporting the idea of lateral-
ised differences in structures involved in the processing of
olfactory information. Besides, there is evidence that sug-
gests the right hemisphere is more important to the sense of
smell (Abolmaali et al. 2001) than the left (Sobel et al. 1999;
Yousem et al. 1999; Zatorre et al. 1992). This idea is also
supported by observations suggesting that the right hemi-
sphere is better at ‘holistic’ or ‘global’ processing and the
left hemisphere at ‘local’ processing (Arnold et al. 2020).

Compared to other aetiologies, patients with post-TBI
show a broader range of OB volume. The possible explana-
tions are the severity and location of the injury. Previous
studies also suggested that the injury’s location may influ-
ence the outcomes, with frontal lesions leading to a lower
degree of dysfunction than injuries in the head’s back or
side (Fujii et al. 2002; Doty et al. 1997). Also, the dura-
tion of olfactory dysfunction data ranges between 10 days
and 183 months (Table 1). A previous study reported many
TBI patients with olfactory dysfunction remain undiagnosed
for a long time, probably due to the lack of rehabilitative
and diagnostic services for patients suffering from olfac-
tory dysfunction (Schofield et al. 2014). Moreover, TBI is
associated with the initiation of complex pathophysiological
mechanisms (Gardner et al. 2017).

The OB is the first relay station in the olfactory pathway,
connecting the peripheral olfactory system and other cortical
structures. In agreement with previous research, the present
review confirmed the correlation between OB volume and
olfactory functions. Furthermore, more than half of the stud-
ies (64%) reported a correlation between OB volume and
psychophysical tests of olfactory function, again strongly
confirming previous works. Previous studies also considered
the OS’s depth is another relevant parameter for evaluat-
ing olfactory function (Huart et al. 2011; Abolmaali et al.
2002). However, only seven studies reported OS’s depth, and
the present review observed mixed findings. Therefore, it is
suggested that the combined evaluation of OB volume and

OS depth may be valuable in the differential assessment of
patients with olfactory dysfunction.

Comparison between aetiology on GM and WM atrophy

For the primary olfactory cortex; Peng et al. (2013) and
Bitter et al. (2010a, b) found piriform cortex atrophy on the
right GM; both studies reported anosmic with various aetiol-
ogy. Yao et al. (2014) reported patients with IOL and found
a smaller GM volume in the left piriform cortex. The incon-
sistent findings of the piriform cortex were also observed in
congenital anosmia. There was a larger volume in the left
(Frasnelli et al. 2013) or right piriform cortex (Karstensen
et al. 2018), or no difference was found (Peter et al. 2020).
The current observation indicates that the piriform cortex is
particularly vulnerable in patients with dysfunctional olfac-
tory processing, and both hemispheres were affected.

In the secondary olfactory areas, Peng et al. (2013)
observed GM atrophy in the right insular cortex, left ante-
rior cingulate cortex (ACC) and left orbital frontal cortex
(OFC). Bitter et al. (2010a, b) reported GM atrophy in the
right insular cortex, and right OFC. Yao et al. (2018) and
Bitter et al. (2010a, b) observed a similar GM volume reduc-
tion pattern in the right OFC. Yao et al. (2014) included
patients with URTT and further observed smaller GM vol-
ume in the insular cortex, OFC, and ACC. ACC is closely
related to olfactory sensations, and the ACC has been called
a key node in the flavour network (Gottfried and Zelano
2011; Shepherd 2006). All three congenital anosmia studies
also observed alterations in GM volume in OFC. One study
shows a larger GM volume in bilateral OFC (Frasnelli et al.
2013); reduced volume in the left medial OFC (Karstensen
et al. 2018), and significantly altered morphology in bilateral
medial OFC, and larger GM volume (Peter et al. 2020). Peng
et al. (2013) found WM atrophy which was more pronounced
in the left ACC and OFC. Several functional imaging stud-
ies have shown more robust GM activity in the right insular
cortex during olfactory tasks, which might be explained by
laterality in olfactory processing at the insular cortex (Hum-
mel et al. 2005; Bengtsson et al. 2001; Wang et al. 2005).
Previously OFC has been suggested to play an essential role
in various aspects of olfactory processing (Potter and But-
ters 1980). The right OFC is mainly involved in complex
olfactory tasks, e.g., the distinction between the smells of
predator and kin (Gottfried and Zelano 2011). The OFC is
involved in olfactory processing and several other complex
functions such as emotional control, emotion-guided behav-
iours, and decision-making (Nogueira et al. 2017). Insular
cortex contributes to odour quality coding (Veldhuizen
et al. 2010). This is by representing the taste-like aspects of
food odours (Veldhuizen et al. 2010). Therefore, GM and
WM volume reduction in the insular cortex may be associ-
ated with impaired performance to correctly assess sensory
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information quality, including gustatory and olfactory sensa-
tions (Bitter et al. 2010a, b).

Peng et al. also found atrophy in other areas, such as the
middle occipital gyrus and precuneus, in addition to these
primary and secondary olfactory areas. These areas are
suggested to be involved in the recall of episodic memo-
ries during olfactory matching. Peng et al. (2013) and Bitter
et al. (2010a, b) also observed GM and WM atrophy in the
cerebellum and was more dominant in the right-sided. The
cerebellum is suggested to receive olfactory information
for modulating sniffing, which, in turn, modulates olfactory
input (Sobel et al. 1998). Cerebellum also plays an essential
role in chemosensory processing (Zhou and Chen 2008).
Bitter et al. (2010a, b) reported atrophy in areas involved
in olfactory memory such as dorsolateral prefrontal cortex
(DLPFC), superior temporal gyrus (STG), superior frontal
gyrus (SFQG), lingual area, inferior parietal lobule, SMG,
hippocampus and parahippocampal gyrus. These areas tend
to exhibit stronger right-sided atrophy.

The present study observed that GM and WM alteration
involved primary and secondary olfactory areas and few
additional areas related to olfactory processing. We further
observed that this brain alteration affects both hemispheres
and is more pronounced with longer disease duration (Bitter
et al. 2010a, b; Peng et al. 2013)—although these conclu-
sions are based on cross-sectional investigations. The present
study also observed inconsistent findings in terms of brain
laterality. We proposed that both hemispheres were involved
but with differential contributions, and that the alterations
occur at a different pace. Our proposal is supported by a
previous study reporting that some patients with an initially
unilateral reduced sense of smell developed into a bilateral
olfactory loss over several months or years (Gudziol et al.
2010).

Comparison of GM and WM atrophy between congenital
and acquired anosmia

Interestingly, compared to healthy controls and acquired
anosmia, congenital anosmia shows a larger GM and WM
volume in core structures of the olfactory system such as pri-
mary olfactory areas (e.g., entorhinal cortex, piriform cor-
tex) (Frasnelli et al. 2013; Karstensen et al. 2018), secondary
olfactory areas such as OFC, ACC and insular cortex (Peter
et al. 2020; Karstensen et al. 2018; Frasnelli et al. 2013) and
other olfactory-related areas such as the cerebellum, MFG,
medial orbital gyrus and superior longitudinal fasciculus.
Although there are discrepancies in the lateralisation of the
reported findings, these observations certainly deserve fur-
ther investigation.

Changes in cortical thickness due to lack of sensory pro-
cessing are not yet fully understood. Previous studies of con-
genital sensory dysfunction in visual and auditory systems
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also observed a similar trend (Bridge et al. 2009; Hasson
et al. 2016; Park et al. 2009; Jiang et al. 2009a, b). The
studies found that people with acquired blindness exhibit
lower cortical thickness in visual brain areas (Park et al.
2009; Voss and Zatorre 2012). On the contrary, patients
with congenital blindness show larger cortical thickness in
the occipital cortex (Voss and Zatorre 2012; Qin et al. 2013;
Park et al. 2009; Jiang et al. 2009a, b) as well as decreased
GM density in the visual cortex (Bridge et al. 2009). In the
auditory system, Hyde et al. (2007) observed that patients
with congenital tone-deafness had larger cortical thickness
and density (Albouy et al. 2013) of the right auditory cortex.
A previous report suggests that sensory dysfunction or loss
at very early developmental stages (congenital) is correlated
with an increase of cortical thickness in some of the core
structures, with a mechanism that is fundamentally different
from the alteration in acquired loss (Coppola 2012; Frasnelli
et al. 2013). A probable explanation relates to the complete
lack of sensory input to a cortical area. The study further
suggests that the most probable justification of this obser-
vation can be explained with brain development (Frasnelli
et al. 2013), and it is well known that the pruning of axons
and synapses during development is experience-dependent
and are more sensitive early in life (Coppola 2012; Tierney
and Nelson 2009). The best-studied and understood sensory
processing is vision. The main areas involved in visual pro-
cessing are V1, primary, calcarine, or striate cortex (Lee
et al. 2012; Wandell and Wade 2003). These areas show a
rapid increase in brain volume during fetal life and early
childhood and decrease rapidly in later years (Huttenlocher
et al. 1982). The number of neurons remains relatively stable
throughout the development. However, there are changes in
the number of synaptic connections, which undergo rapid
growth in early life and are reduced over time. This synaptic
connection closely reflects brain volume (Huttenlocher and
Dabholkar 1997). Furthermore, afferent input in early life
is crucial for forming functional connections (Huttenlocher
et al. 1982). Synaptic pruning or developmental excitement
(Innocenti and Price 2005) was proposed to increase corti-
cal thickness in patients with congenital blindness. This is
due to synaptic overgrowth, which is interrupted in missing
afferent input (Park et al. 2009). Therefore, similar mecha-
nisms may apply to the olfactory system, where missing
olfactory input (with no OB or small OB) fails to induce
synaptic pruning in the primary and secondary olfactory
cortices piriform and the orbitofrontal cortices, as well as
in other neighbouring brain regions.

On the other hand, Hasson et al. (2016) suggested that
patients with congenital blindness had a different genetic
organisation that may alter the brain structural network. In
contrast, it has also been suggested that the larger GM and
WM volumes could also indicate an increase in connectivity
(Kolb and Gibb 2011).
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Limitations in the literature

The heterogeneity of the findings was high due to the dif-
ferences in many factors. The results show morphological
variations, particularly in GM and WM atrophy. For exam-
ple, both congenital and acquired anosmia studies reported
inconsistency in brain areas and laterality. Even though some
of the studies reported similar aetiology, their findings were
at times contradictory. Six studies reported congenital anos-
mia; however, only three studies reported larger volumes of
GM and WM compared to healthy controls in a few areas
related to olfactory processing. Most importantly, the areas
involved and the laterality of the involved areas were varied
from one study to another. Furthermore, most of the exist-
ing studies also have a very small sample size, and future
research requires further investigation in a larger sample.

Future directions for research in this area

We would like to suggest more comprehensive research in
the future for both congenital and acquired olfactory loss.
This includes more regions being considered, more com-
prehensive measures of anosmia, and the usage of MRI
methods like DTI. In the current study, we proposed that the
neural mechanism of brain alterations is different between
aetiology, but the underlying details of these differences
are unclear. More importantly, congenital anosmia shows
larger GM and WM volume than HC, which is not found in
acquired anosmia. This finding is fascinating, but the cur-
rent data show discrepancies in terms of areas involved and
brain laterality.

Conclusion

The present review suggests that MRI evaluations of OB
volume could objectively diagnose olfactory dysfunction in
patients with subjective olfactory loss. However, because
the correlation between OS depth and olfactory dysfunction
is not apparent and contradictory, a combined OB volume
and OS depth evaluation is suggested. We also observed
the right dominance of OB volume and OS depth, which is
in line with the idea that the right hemisphere is relatively
more important for olfactory processing than the left hemi-
sphere. The present review also observed both primary and
secondary olfactory areas show GM and WM alterations
and conclude that brain alteration is more pronounced with
longer disease duration. Finally, congenital anosmia shows
larger GM and WM volumes in a few regions in primary and
secondary olfactory areas. This is opposite to the presence
of smaller GM and WM volumes in patients with acquired

olfactory loss. The present study suggests that the difference
in the volume and thickness of GM and WM between con-
genital and acquired anosmia is due to different mechanisms
responsible for the olfactory dysfunction. We further suggest
that the mechanisms underlying congenital anosmia differ
from those involved in acquired loss. The mechanism behind
these structural and neural changes are likely to be multifac-
torial. This result motivates further neuroimaging research
into the pathophysiology of lifelong olfactory dysfunction.
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