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Abstract
Purpose of Review The aim was to synthesize key findings regarding the use of functional MRI (fMRI) to assess olfactory 
dysfunction (OD), and thus, to evaluate whether fMRI could be a reliable clinical diagnostic tool.
Recent Findings In response to olfactory stimulation, patients with quantitative OD display reduced activation in olfactory-
related brain regions but also stronger activation in non-olfactory brain areas. Parosmic patients also seem to show both 
weaker and higher brain signals. As to trigeminal chemosensory system, fMRI suggests that central processing may be 
declined in patients with OD. Functional connectivity studies report a possible correlation between altered neuronal con-
nections within brain networks and olfactory performances.
Summary fMRI emerges as a valuable and promising objective method in OD evaluation. Yet, its high inter-individual vari-
ability still precludes its routine clinical use for diagnostic purpose. Future research should focus on optimizing stimulation 
paradigms and analysis methods.
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Introduction

It is widely acknowledged that olfactory disorders require 
a thorough clinical assessment. The most commonly used 
method to assess olfactory function is psychophysical 
evaluation. Indeed, these tests offer the advantages of being 
validated for clinical use, easy to administer, and there are 
normative values to which it is possible to refer. However, 
since psychophysical tests rely on patients’ answers and col-
laboration, they are subject to response bias, and therefore, 

their reliability may be affected by several factors such as 
patients’ culture, their goodwill, or even malingering. This 
is particularly problematic in medico-legal evaluation.

On the other hand, electrophysiological tests, such as 
olfactory event-related potentials, allow for an objective 
evaluation of the olfactory function and only demand a small 
collaboration from the subjects. Olfactory event-related 
potentials offer the advantage of a good time resolution, but 
their contrast spatial resolution is relatively weak. Moreover, 
electrophysiological tests require both expensive and spe-
cific equipment (i.e., an olfactometer which allows highly-
controlled stimuli with rapid rise-times) and a high exper-
tise, making them restricted to highly specialized centers.

The classical work-up of patients with olfactory disorders 
also relies on neuroimaging of the olfactory system. The 
main aims of neuroimaging are to identify the cause of olfac-
tory dysfunction (OD) and to exclude intracranial tumors. 
Structural MRI comes as the gold-standard imaging modal-
ity to assess the olfactory system. Notably, this technique 
may give valuable information in case of congenital anosmia 
or post-traumatic OD since it will show some typical pat-
terns that allow to confirm the suspected etiology (i.e., aplas-
tic or hypoplastic olfactory bulbs and olfactory sulcus in 
congenital anosmia, specific post-traumatic lesions). How-
ever, while structural MRI provides interesting information 
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about the morphology of the olfactory system, it does not 
offer any information about its functionality.

The neuroimaging technique of choice for testing the 
functional integrity of the olfactory system is functional 
MRI (fMRI) which is based on the measurement of changes 
in blood flow. The advantages of fMRI are its good spatial 
resolution and non-invasive character. This method offers 
the possibility to study the processing of olfactory infor-
mation and constitutes an objective assessment of olfactory 
functioning. Although fMRI has significantly increased our 
knowledge of human olfactory processing, its clinical value 
on an individual level remains somewhat debatable [1••].

In this review, we will summarize brain imaging findings 
in patients with olfactory disorders and discuss their useful-
ness in a clinical environment.

Central Olfactory Processing

Olfactory processing starts peripherally at the level of the 
olfactory epithelium, where odorants bind to olfactory sensory 
neurons (OSNs). OSNs project their axons onto the olfactory 
bulb (OB) where they synapse with second-order olfactory 
neurons, known as mitral/tufted cells. These second-order 
neurons project to diverse brain areas, such as the piriform 
cortex, the entorhinal cortex, and the amygdala. These areas 
are collectively referred to as the primary olfactory cortex 
[1••, 2]. Neurons from these primary olfactory cortex regions 
project to various other brain regions such as the orbitofron-
tal cortex, hippocampus, parahippocampal gyrus, insula, 
cingulate cortex, thalamus, and amygdala. These latter areas 
are commonly referred to as the secondary olfactory cortex 
[1••, 2]. A multitude of fMRI studies performed in healthy 
normosmic people found that olfactory stimuli activate these 
primary and secondary olfactory cortices areas. Importantly, 
however, the pattern of activation is modulated by diverse 
experimental factors like task instructions and/or stimulus 
qualities [3–7].

Functional MRI

fMRI uses blood-oxygen-level dependent (BOLD) contrast 
as an indicator of cerebral activity. Changes in the BOLD 
response can be investigated either after olfactory stimula-
tion or at rest. The latter condition, called resting-state fMRI 
(rsfMRI), evaluates spontaneous fluctuations in the BOLD 
signal in the absence of an olfactory stimulus, looking in 
particular at regional interactions and brain networks in the 
absence of an externally imposed task or stimulus.

It is important to mention that the majority of studies 
evaluated heterogeneous groups of patients, in the sense that 
they involved patients with diverse etiologies of OD (i.e., 

acquired OD such as post-infectious or post-traumatic OD, 
congenital anosmia). Only few studies focused on patients 
with a specific disease. In the following, we will explicitly 
mention when a study refers to a specific group of patients, 
while the generic term “OD” will be used to refer to a het-
erogeneous group of patients.

Olfactory‑Related Brain Activation in Patients with OD

Studies performed in OD patients have shown that olfac-
tory stimuli activate the same brain regions as observed in 
normosmic controls, such as the piriform cortex, amygdala, 
thalamus, insula, putamen, caudate region, cingulate, and 
orbitofrontal cortices. However, these activations are sig-
nificantly weaker in OD patients [1••, 8–11, 12•], possibly 
reflecting decreased olfactory perception [9]. Interestingly, 
a study with post-traumatic OD patients demonstrated that, 
not only patients had significantly decreased brain activation 
in comparison to controls, but also that these responses were 
related to the hedonic quality of the stimulus [11]. Indeed, 
unpleasant olfactory stimulation (B-mercaptoethanol) led to 
reduced activation of the primary and secondary olfactory 
cortices and the limbic system compared to control sub-
jects. Whereas, after pleasant stimulation (citral), reduced 
activation was only observed in the left frontal subgyral 
region compared to controls. In the same vein, Pellegrino 
et al. found that hyposmic patients do not display amygda-
lar activation in response to odorant stimulation [9]. Since 
the amygdala is involved in the encoding of odor pleasant-
ness and intensity [13], the absence of amygdalar activation 
in hyposmic patients might be explained by reduced odor 
intensity perception, leading to reduced pleasantness in OD 
patients.

Patients with OD not only have weaker activations in 
olfactory-related brain regions; they also present stronger 
activation in non-olfactory brain regions such as the pos-
terior cingulate cortex [9, 12•]. Since the posterior cingu-
late cortex is involved in memory-odor associations, odor 
memory retrieval [14], and semantic memory processes [15, 
16], a stronger activation in this area in hyposmic patients 
could indicate more demanding olfactory memory process-
ing. Another study in post-traumatic OD patients also found 
higher activation at the level of the mediodorsal thalamus, 
a brain area responsible for attention to odor stimuli, and of 
the ventromedial prefrontal cortex [12•].

Besides “quantitative” OD such as anosmia or hypos-
mia, patients may also complain of “qualitative” OD such 
as parosmia or phantosmia. Parosmias are usually associ-
ated to a quantitative OD and are mainly found in patients 
with post-infectious OD [17]; they are more frequently 
reported in patients with moderate olfactory dysfunction 
or during recovery [18]. A majority of patients report 
that they have a negative hedonic valence in response to 
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odorants [18]. Consequently, parosmias usually have a 
more severe impact on patients’ quality of life and lead 
to a more severe impairment in everyday life. Although 
the exact cause of parosmia remains unclear, it is gener-
ally believed that both peripheral and central mechanisms 
play a role in its ontogenesis. To study the role of the 
central nervous system in parosmias, Iannilli et al. com-
pared fMRI activation patterns after olfactory stimulation 
in hyposmic patients with and without parosmia [19]. 
Although both groups were similar in terms of quanti-
tative olfactory function, parosmic patients had reduced 
activation of several olfactory-related areas, including the 
right medial orbitofrontal cortex, left anterior cingulate 
cortex, left parahippocampal gyrus, and right insula. In 
contrast, parosmic patients had stronger activations in the 
left thalamus and right putamen. Previous studies have 
shown that the thalamus is associated with directed atten-
tion in relation to the olfactory stimuli, while the putamen 
has been implicated in the perception of disgust [19–21].

Functional MRI studies also evaluated trigeminal che-
mosensory processing in OD patients. It is well known 
that olfactory and trigeminal chemosensory systems 
closely interact with each other to give a global chem-
osensory perception. In normosmic controls, fMRI stud-
ies indicated that trigeminal and olfactory stimulation 
leads to the activation of overlapping areas, including 
the piriform cortex, the orbitofrontal cortex, and the 
insula [22]. Hence, trigeminal stimulation produces 
activation in areas typically involved in olfactory pro-
cessing. However, some areas are preferentially acti-
vated by trigeminal stimulation, such as the primary and 
secondary somatosensory cortices, mid-cingulate and 
anterior orbitofrontal cortices, dorsomedial thalamus, 
cerebellum, and brain stem. In contrast, pure olfactory 
stimuli show superior activation of the amygdala and 
medial orbitofrontal cortex [22]. Psychophysical stud-
ies have shown that OD is associated with modifications 
of trigeminal chemosensory sensitivity. Indeed, patients 
with acquired OD have lower performance in trigeminal 
detection thresholds or lateralization tasks in comparison 
to controls [23–25]. Trigeminal chemosensory ERPs are 
also reduced in patients with acquired OD [26]. Congru-
ently, fMRI studies in response to trigeminal stimulation 
revealed reduced activation of the prefrontal cortex, the 
primary somatosensory cortex, and the insular cortex in 
OD patients, in comparison to controls. This result sug-
gests that the central processing of trigeminal stimuli is 
impaired in OD patients [27].

In post-traumatic OD patients, a correlation was found 
between poor psychophysical olfactory performance and 
decreased BOLD activation in the left insula [11], frontal 
operculum, and anterior insula [12•].

Functional Connectivity

Functional MRI also allows to measure the functional 
connectivity (FC) between brain areas and networks. FC 
provides a measurement of the temporal correlation of the 
neuronal activity between different brain regions, hence, 
reflecting the functional communication between them 
[28]. FC can be measured either during tasks or at a rest-
ing state [29].

Task‑Induced FC Studies

FC analyses during olfactory and/or trigeminal chemosen-
sory stimulation revealed three major networks that over-
lapped significantly: (1) an olfactory network (putamen/
caudate nucleus, piriform cortex, entorhinal cortex, amyg-
dala, thalamus), (2) a somatosensory network (primary 
and secondary somatosensory cortices, insula), and (3) an 
integrative network (orbitofrontal cortex, insula, inferior 
parietal lobule, middle and superior temporal gyrus) [30]. 
Although normosmic and anosmic patients use the same net-
work to process chemosensory (olfactory and/or trigemi-
nal) information, they exhibit altered FC. Indeed, patients 
had fewer connections in comparison to controls, mainly in 
the olfactory network [30]. Interestingly, in the same study, 
the authors compared the three networks before and after 
olfactory training in the anosmic group. Olfactory training 
consists of a regular and repeated daily exposure to odor-
ants; it is currently considered the gold-standard treatment of 
OD. Studies agree that olfactory training improves olfactory 
function [31], but little is known about its underlying mecha-
nisms. After 12 weeks of olfactory training, patients had 
a significant improvement in olfactory sensitivity and had 
increased signal intensity in the three networks, especially 
in the olfactory and somatosensory networks. Moreover, 
there was also increased FC in all networks, particularly in 
the olfactory network, suggesting a recovery of olfactory-
specific functional connections after olfactory training [30].

Another study investigated how the decline in olfactory 
function affects neural activation patterns and networks. 
For that purpose, the authors evaluated patients with OD 
(anosmia and hyposmia) and investigated the correla-
tion between olfactory function and neural activation and 
networks [32]. It was shown that olfactory stimulation 
activates the piriform cortex, but this activation was not 
correlated with psychophysical olfactory performance. 
Regarding the networks, olfactory stimulation recruited a 
sensory processing network comprising the insula, thala-
mus, piriform cortex, cingulate gyrus, and putamen. Inter-
estingly, the recruitment of this network correlated with 
psychophysical olfactory performances [32]. Olfactory 
stimulation recruited additional cerebellar and occipital 
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networks, in which activation also correlated with psy-
chophysical olfactory performances [32]. The recruitment 
of the cerebellar network was explained by the relation 
between sniffing and smelling, since the cerebellum is part 
of the olfactomotor system which is involved in the con-
trol of smelling. The recruitment of the occipital network 
could underline the interconnection between the visual 
and the olfactory networks or might be a consequence of 
subjects attempting to visualize the odor source.

Resting‑State FC (rsFC) Studies

rsFC studies also confirmed a functional impairment in 
OD patients. A study in patients with post-traumatic OD 
[33] revealed different patterns of rsFC in the olfactory 
network, in comparison to normosmic controls. Particu-
larly, intra-cluster rsFC at the level of the insular cortex 
and anterior cingulate/frontal cortex was decreased in 
patients. Inter-anatomical-cluster rsFC (across the piri-
form cortex, insular cortex, prefrontal cortex, and anterior 
cingulate/frontal cortex) was increased in patients. The 
same study also revealed increased rsFC in other brain 
regions, notably among the thalamic and sensory networks 
(visual and somatomotor hand area). The author suggested 
that patients with post-traumatic OD may recruit com-
pensatory mechanisms involving other brain areas [33]. A 
recent study compared patients with SARS-CoV-2 infec-
tion (anosmia, hyposmia, normosmia) to controls without 
a history of COVID-19 [34]. It was found that the strength 
of the anterior piriform cortex rsFC was significantly 
higher in patients. No correlation was found between 
rsFC values and psychophysical olfactory performance in 
the patient group [34]. Interestingly, a resting-state fMRI 
study in patients with congenital anosmia found no differ-
ence in rsFC within the olfactory cortex in comparison to 
healthy controls [35].

A recent study evaluated the effects of olfactory train-
ing on FC in patients with post-viral OD [36]. Before 
the onset of olfactory training, patients had increased 
rsFC within the visual cortex compared to normosmic 
controls, suggesting heightened visual cues to compen-
sate for the olfactory deficit. After 3 months of olfactory 
training, rcFC within the visual cortex was decreased, 
whereas rsFC between olfactory-related brain regions 
had increased [36]. This suggests that improvement in 
olfactory function increases rsFC in the olfactory sys-
tem. Altogether, these results could also suggest that 
there is an association between smell and vision during 
olfactory training.

Is fMRI a Valuable Clinical Tool?

fMRI has been proposed not only as a mean to analyze cen-
tral olfactory processes in OD patients, but also as a clinical 
objective tool to evaluate the olfactory function and diagnose 
OD.

As mentioned above, studies performed at a group level  
have reported reduced brain activation to olfactory stimu-
lation in OD patients, compared to normosmic controls. 
Therefore, it is very tempting to consider fMRI as a poten-
tial objective diagnostic tool in the clinic. In order to be 
considered a reliable clinical diagnostic tool, fMRI must 
fulfill the following criteria: having a good signal-to-noise 
ratio and having a low interindividual variability. Consid-
ering the signal-to-noise ratio, it has been shown that the 
olfactory BOLD signal can be affected by various physi-
ological or methodological factors such as respiration, 
magnetic susceptibility artifacts due to air/tissue interface 
at the skull base, metabolic status or the length of odorous  
stimulation  [1••, 37]. Moreover, it is well known that 
prolonged exposition to odors induces adaptation, lead-
ing to decreased BOLD signal in olfactory areas [38]. To 
overcome these issues, efforts have been undertaken to 
improve fMRI’s poorer signal-to-noise ratio in olfactory 
brain areas. This was accomplished by optimizing olfac-
tory stimulus characteristics (duration of the stimulus, 
odor intensity, hedonicity, and familiarity) and by using 
short stimulation periods to avoid habituation [37, 39]. In 
this vein, it was notably shown that short repetition time 
and short stimulation length led to stronger BOLD signal 
increases and shorter time-to-peak responses [37].

Using fMRI as a clinical diagnostic tool would also 
require that it is possible to differentiate one single OD 
patient from normosmic controls. For that purpose, the 
prerequisite is that olfactory stimulation elicits reliable 
activation patterns between and within subjects and that 
group-level effects (i.e., normosmia vs. hyposmia) can be 
generalizable at an individual level. In other words, fMRI 
must show a low inter-individual variability in the BOLD 
response pattern. However, even in normosmic subjects, 
olfactory fMRI has a high inter-individual variability [40]. 
A recent study aimed to directly investigate the question of 
the potential clinical usefulness of olfactory fMRI evalu-
ated at the individual patient level [1••]. Results showed 
that at the group level (normosmic vs. OD), OD patients 
had significantly lower odor-induced activation in primary 
and secondary olfactory areas. At the individual level, 
94% of the normosmic controls vs. 41% of OD patients 
activated clusters in the primary olfactory cortex. Based 
on the % BOLD signal change from the primary olfac-
tory area, orbitofrontal and insular cortices, ROC curve 
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analyses failed to reliably discriminate between OD 
patients and controls. Of note, no association was found 
between individual fMRI parameters and psychophysical 
test scores. The authors concluded that, up to date, the 
diagnosis of OD on an individual level cannot be done 
based on fMRI [1••].

Conclusion

Functional MRI constitutes a non-invasive, attractive, and 
promising method to objectively assess olfactory function. 
This technique has undoubtedly brought valuable knowledge 
regarding olfactory processing. Notably, fMRI has allowed 
the identification of brain regions involved in normal olfac-
tory processing and furthered insights into the impact of 
olfactory dysfunction on this processing. On a group level, 
odor-induced brain activation is significantly impaired in 
patients with OD, suggesting a potential usefulness of fMRI 
as an objective tool in clinic. However, due to the high inter-
individual variability of olfactory fMRI it is not yet realistic 
to consider it as a clinical diagnostic tool for OD. Although 
recent studies have brought interesting insights into optimi-
zation of stimulation paradigm, further studies are needed to 
define the most optimal stimulation paradigms and analysis 
methods before fMRI can be implemented as a routine diag-
nostic tool for OD.
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