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decrease in self-consciousness impairment, which is known 
to affect IAPs. Present preliminary functional results could 
be of interest to further deepen such neural impairments 
possibly useful for future perspective in pharmaceutical 
and rehabilitative protocols.
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Introduction

The loss of olfactory function is a common disorder affect-
ing with serious psychophysical consequences approxi-
mately 5% of the healthy population [1] and it is caused by 
many peripheral and central disorders [1–5]. Despite this, 
approximately 20–30% of cases have no clear cause and 
are thus labelled as idiopathic olfactory loss (IOL) [1, 6] 
driving idiopathic anosmic patients (IAPs) to often undergo 
magnetic resonance imaging (MRI) of the brain to rule out 
rare potential intracranial causes [1]. In the field of neuro-
imaging in-depth analysis, olfactory bulb (OB) volume as 
well as morphological alterations in the primary and sec-
ondary olfactory brain areas have been demonstrated to be 
related to various types of olfactory dysfunction, such as in 
post-viral [7–9], post-traumatic [9], and congenital anosmia 
[10, 11] as well as in parosmia [12]. Conversely, although 
a study has suggested that IOL patients have decreased 
OB volume in comparison with controls [13], cortical 
brain areas beyond the OB have received less attention in 
the case of IOL. Moreover, with the exception of a recent 
voxel-based morphometry protocol conducted by Yao et al. 
[14], other functional neuroimaging technique findings are 
lacking in the literature.

Thus, beyond the resting-state 18F-2-fluoro-2-deoxy-
d-glucose (FDG)-positron emission tomography (PET)/
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computer tomography (CT) procedure that is employed in 
post-viral olfactory loss [7], little is known about the IOL-
related utility of functional FDG-PET/CT procedures under 
pure olfactory stimulation (OS) [15, 16] in depicting fur-
ther neural alterations at the cortical level. These recent 
brain FDG-PET/CT investigations after a pure olfactory 
stimulation highlighted interesting aspects of the neuroim-
aging of central olfactory pathways [15, 16]. In particular, 
the proposed procedure overcame the possible unintended 
auditory and olfactory stimulation during the period of 
experimental stimulation due to unfriendly, noisy and not 
odourless environments [15–17] related to those neuro-
imaging techniques coupling the olfactory task with the 
acquisition phase.

Therefore, the aim of this study was to investigate such 
brain structural changes related to clinical parameters of 
IAPs when compared with healthy normosmic subjects 
(HS) using the above-mentioned validated functional 
FDG-PET/CT procedure with the purpose of improving 
our understanding of those aspects of cerebral involvement 
associated to olfactory loss.

Materials and methods

Subjects

According to the IOL inclusion criteria [1, 6, 18], we 
admitted 11 consecutive IAPs (five women and six men, 
mean age 49.3 ± 7 years; Table 1) and a population of 11 
gender- and age-matched HS (six women and five men; 
mean age 45.7 ± 11 years), who served as a control group, 
to the Ear–Nose–Throat Unit of Tor Vergata University. 
All subjects underwent the multiple-forced choice Sniffin’ 
sticks screening test (SST) [19] in the four main domains: 

odour threshold (OT), odour discrimination (OD), odour 
identification (OI) and their sum (TDI). We defined anos-
mia by a TDI score of 17 or less [20].

Both eligible IAPs and HS were required to meet the fol-
lowing entry criteria: subjects with diabetes, oncologic or 
HIV history, neurological and psychiatric or mood disor-
ders, history of surgery, radiation and trauma to the brain 
were excluded from the study. No patient showed liver 
or renal suffering or was pregnant nor breastfeeding. The 
peripheral blood of both group patients was tested for the 
usual parameters. A detailed case history was collected for 
all subjects who underwent and Ear–Nose–Throat exami-
nation with a fibre-optic check of the upper airways. Neuro-
logical diseases were excluded with the Mini Mental State 
Examination and MRI. According to current procedure 
guidelines for PET brain imaging [21] and previous simi-
lar studies [15, 16, 22–24], all conditions that could poten-
tially impact FDG uptake and distribution in the brain and 
develop an olfactory dysfunction were considered as exclu-
sion criteria.

The Ethics Committee of the Tor Vergata Univer-
sity School of Medicine approved the protocol research. 
The study adhered to the principles of the Declaration of 
Helsinki (as revised in 2008 [25]), and all of the partici-
pants provided written informed consent after receiving a 
detailed explanation of the study.

Experimental procedure

As described in detail previously [15, 16, 22], all subjects 
underwent a single FDG-PET/CT scan after 9 min of pure 
OS without any generated sniffing instruction using an ordi-
nary aerosol facial mask containing a solution vanillin and 
saline sodium chloride. As described in the already cited 
paper of Chiaravalloti et al. [16] each subject was injected 
with FDG intravenously (i.v.) after three minutes and the 
olfactory stimulation was continued for six more minutes. 
After OS, all subjects laid down in a semi-darkened, noise-
less and odourless room, at rest with their eyes closed for 
20 min [15, 16, 22].

PET/CT scanning

According to previous reports [15, 16, 22–24], the PET/CT 
system Discovery VCT (GE Medical Systems, Tennessee, 
USA) has been used to assess 18F-FDG brain distribution 
in all patients by means of a 3D-mode standard technique 
in a 256 × 256 matrix. Reconstruction was performed using 
the three-dimensional reconstruction method of ordered-
subsets expectation maximization (OSEM) with 20 subsets 
and with 4 iterations. The system combines a high-speed 
ultra 16-detector-row (912 detectors per row) CT unit and 
a PET scanner with 10,080 bismuth germanate crystals in 

Table 1  Sniffin’ stick test, validated questionnaires and demographi-
cal values in idiopathic anosmic patients and healthy subjects

Mean and standard deviation (SD) of: AGE in years, disease duration 
in months (DD) and absolute values of odour threshold (OT), odour 
discrimination (OD), odour identification (OI) (and their sum; TDI), 
Intensity Visuo-Analogue Scale (IVAS) during olfactory stimulation 
(OS) in healthy subjects (HS) and idiopathic anosmic patients (IAPs)

IAPs HS

Mean SD Mean SD

AGE 49.3 7 45.7 11
DD 107 69 – –
OT 2.77 1.16 9.27 1.13
OD 2.81 0.84 13.81 0.87
OI 3.09 1.24 13.09 1.13
TDI 8.68 3.1 36.18 1.87
IVAS OS 0.63 0.67 6.36 0.83
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24 rings (axial full width at half-maximum 1-cm radius, 
5.2 mm in 3D mode, axial field of view 157 mm). All sub-
jects fasted for at least 5 h before intravenous injection of 
18F-FDG; the serum glucose level was up to 95 mg/ml in 
all of them. All the subjects were injected intravenously 
with 185–210 MBq of 18F-FDG and hydrated with 500 ml 
of saline (0.9% sodium chloride). The scan started 30 min 
after the injection in all the subjects according to standard 
guidelines [21].

Validated questionnaires (VQ)

After OS, both IAPs and HS filled out an Intensity Visuo-
Analogue Scale (IVAS) survey, in which each subject 
scored from (0 to 10) the subjective intensity of olfactory 
perception [15, 26].

Statistical analysis

FGD‑PET/CT

The differences in brain FDG uptake were analysed using 
statistical parametric mapping (SPM8) (Wellcome Depart-
ment of Cognitive Neurology, London, UK) that was 
implemented in Matlab R2015a (Mathworks, Natick, Mas-
sachusetts, USA). PET data were processed for statisti-
cal analysis as reported previously in other studies by our 
group in this field [15, 16, 22–24].

A between-group comparison (IAPs vs HS and vice 
versa) was performed by means of the ‘two-sample t test’ 
study design model, using age and sex as covariates.

The relationships between FDG distribution in brain 
and the results of IVAS, the multiple-forced choice SST 
and disease duration (in months) were evaluated using 
a ‘regression analysis’ design model. OT, OD, OI, TDI, 
IVAS, sex and disease duration have been used as regres-
sion factors in the regression analysis.

The cluster obtained by this latter analysis has been 
exported and further analysed after a normalization pro-
cess. In particular, the mean signal intensities computed 
by each cluster were normalized within each subject to the 
average intensities of the thalamus volume of interest, as 
defined by other similar reports of our group in this field 
[23, 24]. The use of a normalization based upon activity in 
the cerebellum, instead of whole brain counts as in the ref-
erence region, was reported to result in a higher accuracy in 
distinguishing patients from controls in neurodegenerative 
diseases [27]. Conversely, during olfactory stimulation, it 
has been shown that an activation/deactivation of cerebel-
lar structures may occur [12, 13], and on the basis of the 
results reported in Table  2, the cerebellum may represent 
a sub-optimal parameter for normalization in our study, 
while no significant changes in metabolism in the thalamus 

bilaterally have been detected using any comparison in our 
analyses (see the “Results” section). As proposed previ-
ously by Pagani et al. [28], a dataset including normalized 
FDG PET values relevant to the examined cluster has been 
exported. To determine if thalamus-normalized FDG val-
ues for the cluster examined were of Gaussian distribution, 
the D’Agostino K squared normality test has been applied 
(where the null hypothesis is that the data are normally 
distributed). Furthermore, a Spearman’s rank correlation 
has been performed between FDG normalized values and 
IVAS, SST (and sub-items) scores and disease duration. 
A significant cutoff level (α) was set at a p value of 0.01. 
To avoid family-wise errors, the Bonferroni correction for 
multiple comparisons has been applied.

Results

Table 1 depicts SST and VQ scores.
In turn, Table  2 and Fig.  1a–c show a significant rela-

tive decrease of glucose metabolism in a wide portion of 
the right and left frontal lobes [Brodmann Areas (BAs) 9, 
10, 4, 6], the left insula (BA 13), the right parietal lobe 
(BAs 31), the left occipital lobe (BAs 18, 19), the left tem-
poral lobe (BAs 37, 39), and the left parietal lobe (BA 40) 
in IAPs during OS. In turn, the same OS resulted in a rela-
tively higher glucose metabolism in the right cerebellum 
(Table 2; Fig. 1d) of IAPs.

In IAPs, SPM regression analysis showed a negative 
correlation between disease duration and glucose consump-
tion in the left temporo-parietal lobe in the region of BAs 
39 and 40. The Spearman correlation analysis of clusters 
resulted in an R2 value equal to −0.78 (p < 0.01) for BA 39 
and R2 equal to −0.70 (p < 0.01) for BA40. No correlations 
were found between SST (and subscales) and IVAS scores 
and glucose consumption.

Discussion

As previously reported [15, 16, 22] and according to recent 
findings [17, 29] regarding scanning influences on neural 
baseline conditions, PET investigations might be useful in 
the same way as a functional MRI (fMRI) study in which 
the temporal resolution is in the range of minutes instead of 
seconds [22, 30]. Thus, in the resting condition, the brain 
still processes and encodes information, and biochemical 
processes are active during the protracted cognitive pro-
cesses and the meditation time elapsing within camera gan-
try [31].

According to this aspect, the first finding of the current 
study is the relative decreased regional cerebral glucose 
metabolism in those cortical structures previously found 
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to be reduced in terms of volume loss and FDG uptake 
in both fMRI and resting-state studies, respectively [7, 
14, 31, 32]. In fact, a reduction of FDG uptake under OS 
in those secondary olfactory cortical areas, including the 
insular, dorso-lateral prefrontal and orbito-frontal cortex, 
the precuneus, superior temporal gyrus and inferior pari-
etal lobule in IAPs was further confirmed when compared 
with HS (Table 2; Fig. 1a–c).

Since these areas involved in the secondary olfactory 
cortex have been previously associated with the subjective 
evaluation and quality encoding of olfactory stimuli trans-
mitted from the primary olfactory cortex [7, 33], the rela-
tive hypometabolism in these structures might be suggested 
as the neural counterpart of olfactory dysfunction [7, 14].

Interestingly, a relative FDG uptake increase in the pri-
mary and supplementary motor areas was found in HS 

Table 2  Areas of 18F-FDG uptake during olfactory stimulation by means of SPM comparisons for HS vs IAPs (decrease of glucose metabolism 
in IAPs) and IAPs vs HS (increase of glucose metabolism in IAPs)

Threshold of p < 0.001, uncorrected for multiple comparisons at voxel level. A value of p ≤ 0.05, corrected for multiple comparison at cluster 
level, was accepted as statistically significant. In the ‘cluster level’ section, the number of voxels, the corrected p value of significance and the 
cortical region where the voxel is found, are all reported for each significant cluster. In the ‘voxel level’ section, all of the coordinates of the cor-
relation sites (with the Z-score of the maximum correlation point), the corresponding cortical region and BA are reported for each significant 
cluster. In the case that the maximum correlation is achieved outside the grey matter, the nearest grey matter (within a range of 5 mm) is indi-
cated with the corresponding BA
L Left, R Right, BA Brodmann’s area

Comparison Voxel level Cluster level

Z score of 
maximum

MNI coordinates Cortical region BA Cluster extent Cluster p 
(FWE-corr)

Cluster p 
(FDR-corr)

Cortical region

HS–IAPs 5.38 −52, −2, 10 Precentral gyrus 6 922 0.002 0.001 L frontal lobe
5.35 −36, 2, 10 Insula 13 L insula
4.81 −12, 56, 10 Medial frontal gyrus 10 327 0.021 0.007 L frontal lobe
3.44 −12, 46, 26 Superior frontal gyrus 9 L frontal lobe
4.65 −36, −16, 54 Precentral gyrus 4 753 0.006 0.003 L frontal lobe
4.53 −30, 8, 54 Middle frontal gyrus 6 L frontal lobe
4.29 40, −12, 58 Precentral gyrus 4 976 0.001 0.000 R frontal lobe
3.94 22, −20, 70 Precentral gyrus 6 R frontal lobe
5.88 −8, −68, 4 Lingual gyrus 18 1870 0.000 0.000 L occipital lobe
5.56 6, −60, 24 Precuneus 31 R parietal lobe
5.49 −8, −90, 26 Cuneus 19 L occipital lobe
4.30 −38, −68, 18 Middle temporal gyrus 39 489 0.025 0.003 L temporal
3.49 −52, −58, 4 Middle temporal gyrus 37 L temporal lobe
4.12 −36, −34, 34 Inferior parietal lobule 40 343 0.006 L parietal lobe

IAPs–HS 4.5 50, −62, −38 Inferior semi-lunar lobule 39 667 0.012 0.015 R cerebellum
4.26 46, −66, −32 Pyramis 37 R cerebellum
3.72 36, −84, −32 Pyramis 40 R cerebellum

Fig. 1  T1 MRI superimposition of SPM data reported in Table  2 
showing the cortical areas where FDG uptake was significantly lower 
in IAPs (n = 11) as compared to HS (n = 11) owing to the left insula 

(a), the right and left frontal lobe (b) and the right parietal and occip-
ital lobe (c). In (d) we report the right cerebellum areas in which 
FDG uptake was significantly higher at IAPs
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when compared with IAPs (Table  2; Fig.  1a–c), possibly 
expanding previous theories postulating BAs 4 and 6 as 
engaged in diaphragm movement [34]. In particular, the 
relative hypermetabolism in such areas in HS when com-
pared with IAPs in this study could probably be due to a 
physiological HS-related behaviour for which the passive 
smelling of familiar and unfamiliar odorants could elicit an 
increase of respiratory amplitude and frequency [35].

Conversely, the present study found an FDG uptake 
increase in the right posterior cerebellum in IAPs compared 
with HS (Table 2; Fig. 1d). Unlike other previous neuroim-
aging studies [14, 36] and diverse sensory modalities (i.e., 
auditory [37] and visual system [38]) any brain region of 
the anosmic group showed a compensatory behaviour that 
could lead to a counterbalance of other sensory modalities. 
In this perspective, the olfactory loss in this case demon-
strated a behaviour that resembles those neural perturbing 
events (i.e., neurodegenerative diseases) in which a cerebel-
lar FDG uptake increase could be interpreted to compen-
sate for the regions with metabolic decline to cope with the 
decrease of a specific brain function [24, 39].

Furthermore, previous functional resting-state network-
ing studies showed that activity in sensorimotor regions 
correlates with the contralateral anterior cerebellar lobe 
(I–VI) and lobule VIII [23, 40], whereas activity in pre-
frontal, posterior parietal, and superior and middle tempo-
ral association areas, as well as in the cingulate gyrus and 
retrosplenial cortex, correlates with activity contralater-
ally in posterior cerebellar lobules [23, 40]. In accordance 
with these notions, we might argue that the relative hyper-
metabolism, found in IAPs under OS in the right posterior 
cerebellar lobe, might support a form of bottom-up off-set-
ting of those cortical olfactory brain function impairments 
underpinned by the relative hypometabolism found under 
the same condition at the cortical level, mainly in the left 
hemisphere.

Finally, a negative correlation between the duration of 
olfactory impairment and left BAs 39 and 40 FDG uptake 
was found in IAPs. This aspect is of interest especially 
when taking previous investigations into account [41], thus 
revealing that the olfactory threshold is a significant pre-
dictor of interoceptive awareness in both normosmic and 
impaired olfactory subjects. In particular, multiple regres-
sion models [41] revealed that a combination of the dura-
tion of disease and olfactory threshold values could explain 
interoception awareness measures.

When merging this psychophysical evidence with such 
an involvement of these areas (both encompassed in tem-
poro-parietal junction [TPJ]) in interoceptive awareness, 
body ownership and self-consciousness [42], a negative 
correlation between olfactory disorder onset and FDG 
uptake decrease in TPJ could unveil further strength-
ening for future investigations. Although no specific 

neuropsychological test was used in the present study, one 
might argue that such a form of disturbed multisensory 
bodily integration at the TPJ, which leads to disturbances 
in ownership and embodiment (i.e., heautoscopy) [42, 43], 
could be also engaged in distinct mechanisms underpinning 
different kinds of impairment in interoception awareness, 
which occurs in anosmic patients [41] who are also in cog-
nitively healthy performance status [43, 44].

Noticeably, the present study found a global leftward 
cortical asymmetry. Although previous olfactory neuroim-
aging studies have demonstrated a bilateral activation in 
primary olfactory cortex, recent functional olfactory PET 
studies [15] suggested asymmetry for temporal, parietal 
and occipital cortex as possibly related to the experimental 
model setting in which any retrieval/recognition task of the 
incoming stimulus was generated. In fact, a switching of 
lateralization from right to the left hemisphere associated 
to a switch from recognition to semantic processing of the 
online information, for both verbal and non-verbal materi-
als, has been widely assessed by the hemispheric encoding/
retrieval asymmetry model [45].

In agreement with recent research findings [44] and 
with the ecologically suited nature of the proposed olfac-
tory procedure, present FDG-PET data could be a further 
objective resource for clinicians and researchers in better 
understanding those relationships between cognitive and 
olfactory impairment, especially in those patients unaware 
about their condition [44]. Finally, considering present 
data as clusters of brain differences from healthy subjects, 
in perspective of possible clinical consequences these pre-
liminary functional results could disclose future chances in 
pharmaceutical and rehabilitative protocols possibly driv-
ing therapeutic guidance in olfactory loss.

However, a possible limitation of the study could be 
related to the small sample size increasing the likelihood of 
Type II statistical errors. In fact, IAPs were often found to 
refuse PET examination due to radiation exposure, which, 
together with the relative high costs of the PET/CT meth-
odology, makes the recruitment of an inadequate number 
of subjects to be investigated a common limitation in func-
tional neuroimaging studies [23]. These aspects could be 
kept into account to devise future research for acquiring 
more insights into brain metabolic changes of larger sample 
size of IAPs. Thus, to validate further neuroimaging and 
clinical relationships in olfactory impairment, more inves-
tigations are required.
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