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Objective: The aim of our study was to compare volume
change in grey matter (GM) and white matter (WM) in
a group of subjects with anosmia and a healthy control
group. We tried to find a regular pattern of atrophy
within and between GM and WM and to determine
whether any particular areas are more sensitive to
olfactory injury.

Methods: There were 19 anosmic patients and 20 age-
and sex-matched control subjects. We acquired MR
images on a 3-T scanner and performed voxel-based mor-
phometry using the VBMS8 toolbox and SPM8 in a MATLAB®
(MathWorks®, Natick, MA) environment.

Results: Patients with anosmia showed a significant de-
crease in GM volume, mainly in the anterior cingulate
cortex, middle temporal gyrus, superior temporal gyrus,
fusiform gyrus, supramarginal gyrus, superior frontal gyrus,

Chronic olfactory disorders are common and are usually
induced by olfactory infections, sinonasal diseases, head
trauma, toxins and drugs or congenital olfactory loss [1].
There are relatively few published studies using func-
tional MRI for detailed investigation of olfactory dis-
orders compared with the number of published studies of
disorders of other sensory systems. The few existing
studies found that the olfactory bulb (OB) exhibits high
plasticity, depending on the olfactory input [2-5]. Only
a few studies have focused on cortical brain areas beyond
the OB. We know little about the typical patterns and
variability in anosmia. Bitter et al [6] recently reported
grey matter (GM) atrophy associated with anosmia and
concluded that atrophy is more extensive with longer
disease duration. These authors found that some GM
areas with atrophy correspond to functional olfactory
areas in the brains of healthy subjects, which supports the
conclusion that the structural changes lead to dysfunction
in anosmics. They also found GM and white matter (WM)
atrophy in hyposmics [7]. WM atrophy was spatially con-
nected to areas of GM volume loss. However, these studies
did not investigate WM change or changes in the relation-
ship between GM and WM in anosmia.

middle frontal gyrus, middle occipital gyrus, anterior
insular cortex and cerebellum. In addition, we observed
volume decreases in smaller areas such as the piriform
cortex, the inferior temporal gyrus, the precuneus and
the subcallosal gyrus. All WM areas with atrophy were
near those GM areas that experienced volume loss. There
was more volume atrophy in GM areas corresponding to
WM areas with more volume loss. Atrophy increased with
disease duration.

Conclusion: There is simultaneous atrophy in GM and
WM, and the degree of atrophy is greater with longer
disease duration. Different GM and WM areas have dif-
ferent sensitivities to olfactory injury.

Advances in knowledge: This study examines the atrophy
pattern in and between GM and WM—a subject that has
not been widely researched previously.

The aim of our study was to determine whether there were
structural changes in areas of human brain in anosmic
patients using voxel-based morphometry (VBM). We also
sought to compare our findings concerning areas of GM
and WM atrophy with those reported previously, to dis-
cover regular patterns of atrophy within and between GM
and WM areas and to determine whether some areas are
more sensitive to olfactory injury. Our hypothesis was
that we would find that structural alterations may occur
in areas involved in olfactory information. We predicted
a decrease of GM and WM and a relationship between GM
and WM changes. We also predicted that atrophy would
be greater with longer disease duration.

EXPERIMENTAL PROCEDURE

Subjects

All participants in the study gave their written consent, and
the study was approved by the ethical committee of our
hospital. There were 19 anosmic patients (5 males and 14
females) and 20 sex- and age-matched control subjects (6
males and 14 females). All participants were right-handed.
The threshold discrimination identification score for the
anosmic patients was determined by the T&T test. The
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Figure 1. This image shows the reductions in white matter in 19 patients with anosmia compared with 20 healthy controls. The
level of significance is p<0.001 and images overlay onto the average T; image of all subjects. The top row shows two sagittal
slices and three coronal slices, whereas in the bottom row shows four axial slices and exterior views. ACC, anterior cingulate
cortex; IC, anterior insular cortex; MTG, middle temporal gyrus; PC, piriform cortex; Prec, precuneus; STG, superior temporal

gyrus.

ACC STG

quantitative analysis using a T&T olfactometer (Daiichi Sankyo
Pharmaceutical Co. Ltd; Tokyo, Japan) was based on the dilution
ratio of five odourants (rose, scorched, rotten, fruit and stool);
each substance at eight concentrations (10~ 2 to 10°) represented
8° (—2 to 5). For birhinal testing, different odourants were
placed 1-2cm in front of the nostrils for two or three sniffs.
Averaged odour threshold, which was obtained by dividing
the sum of the identification threshold for five olfactory sub-
stances by five, was used to judge the degree of olfaction. All
scores for the anosmic patients were >5.5, whereas scores for
the control subjects ranged from —1.0 to 1.2. The 19 anosmic
subjects included 1 who was idiopathic, 13 who were post-
infectious, and 4 who were post-traumatic after a minor head
injury. Each participant was healthy, breathed normally
through each nostril and had no subjective nasal pathology.
No subjects had structural brain lesions, other neurological or
psychiatric deficits or chronic rhinosinusitis. The duration of
olfactory loss ranged from 2 months to 20 years with a mean
of 3.12 years. The anosmic subjects were aged between 28 and
57 years with a mean of 45.3+10.2 years. The control subjects
were aged from 24 to 59 years with a mean of 43.6*14.8
years.

MRI data acquisition

All MR data were obtained using a 3.0-T scanner (MAGNE-
TOM® TrioTim System; Siemens Medical Solutions, Erlangen,
Germany) using a standard receive 8-channel head coil.
Three-dimensional whole-brain high-resolution T; weighted

(1mm?) images were acquired. Repetition time = 1900 ms, echo
time = 2.52:ms, flip angle = 9°, 176 slices, slice thickness=1 mm,
matrix = 250X250; in-plane voxel size = 1X1X1 mm, total acqui-
sition time, 5:40 min.

Voxel-based morphometry and statistical analysis

Data were processed using Statistical Parametric Mapping soft-
ware v. 8 (SPM8) (Wellcome Department of Imaging Neuro-
science Group, University College London, London, UK; http://
www.fiLion.ucl.ac.uk/spm), where we applied VBM implemented
in the DARTEL Tools (http://resting-fmri.sourceforge.net/) with
default parameters. Images were preprocessed, which included
bias-corrected, tissue-classified and registered data using linear
(12-parameter affine) and non-linear transformations (warping),
within a unified model. Analyses were subsequently performed
on GM and WM segments. Finally, the modulated volumes were
smoothed with a gaussian kernel of 8 mm full width at half
maximum. Voxel-wise GM and WM differences between anosmic
patients and controls were examined using independent sample
t-tests. We used a significance level of p<<0.001 for all comparisons,
and only clusters exceeding a size of 100 voxels were reported. We
divided the anosmic patients into two groups to investigate the
effects of disease duration. One subgroup had disease duration of
less than 1 year and consisted of nine patients (eight females and
one male; mean age, 41.3+1.0 years; mean time since olfactory
loss, 4.8=2.1 months). The other subgroup, with disease dura-
tion of more than 1 year, consisted of 10 patients (6 females and
4 males; mean age, 48.9+9.16 years; mean time since olfactory

2 of 7 Dbjrbirjournals.org

Br J Radiol;:86:20130207


http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://resting-fmri.sourceforge.net/
http://bjr.birjournals.org

Full paper: A VBM study of anosmics

BJR

Table 1. Reduction in grey matter in 19 patients with anosmia compared with 20 healthy controls

MNI coordinates (mm)
Region Side Z-score Cluster size (voxels)
x y z
Anterior cingulate cortex R 14 —12 36 6.23 48
L -3 40.5 9 4.98 519
Orbitofrontal cortex R 20 45 -9 2.40 11
L -3 51 -6 5.39 463
Middle temporal gyrus R 72 —36 -3 6.05 679
L —57 —36 4 3.78 279
Inferior temporal gyrus R 72 —40.5 -9 5.51 60
L —63 —21 —21 3.82 160
Superior temporal gyrus R 27 11 —27 6.25 1987
L —36 12 —23 7.27 2287
Middle frontal gyrus R 59 21 27 4.41 731
L -39 7.5 57 4.53 477
Superior frontal gyrus R 12 39 55.5 5.53 158
L —14 24 49 4.42 34
Middle occipital gyrus R 57 =73 6 421 164
L —19.5 —66 -9 4.20 78
Parahippocampal gyrus/fusiform gyrus R 25.5 1.5 —19.5 7.25 398
L —21 5 —32 5.64 345
Supramarginal gyrus R 50 —33 25 5.39 249
L —51 —22.5 21 7.32 862
Cerebellum R 39 —73.5 —25.5 423 262
L —42 =75 —28.5 4.56 151
Anterior insular cortex R 46.5 9 —4.5 3.01 1023
Piriform cortex R 24 10 —10 2.81 25
Subcallosal gyrus R 7 6 —15 2.76 28
Precuneus R 20 —52 15 2.93 133

L, left; MNI, Montreal Neurological Institute; R, right.

Level of significance is p<0.001 and only clusters exceeding a size of 100 voxels are reported. All coordinates are given in MNI space.

loss, 6.4*6.7 years). We used a level of significance of p<<0.001
for all comparisons.

RESULTS

We found many areas of significant volume loss in GM in the
anosmic group (Figure 1 and Table 1). The main atrophic areas
were in the anterior cingulate cortex (ACC), orbitofrontal cortex
(OFC), middle temporal gyrus (MTG), superior temporal gyrus,
fusiform gyrus, supramarginal gyrus, superior frontal gyrus,
middle frontal gyrus, middle occipital gyrus (MOG), cerebellum
and the anterior insular cortex (IC). Smaller atrophic areas
were seen in the piriform cortex (PC), the inferior temporal
gyrus, the precuneus (Prec) and the subcallosal gyrus (SCG).
IC, PC, Prec and SCG atrophy were found only on the right
side (Table 1).

In the VBM WM analysis, various atrophic areas were found in
areas corresponding to GM areas and additionally in the inferior
frontal gyrus and medial frontal gyrus (Figure 2 and Table 2).
WM atrophic areas occurred mainly near or around the corre-
sponding GM atrophy (Table 2). No significant GM or WM
volume increases were observed. Patients with a disease duration
of more than 1 year showed more extensive atrophy in these
areas than did patients with disease duration of less than 1 year
(Figure 3 and Figure 4).

DISCUSSION

Olfaction is traditionally thought to involve primary and sec-
ondary olfactory areas. The primary cortices consist of OB,
PC, entorhinal cortex, amygdala, anterior olfactory nucleus
and olfactory tubercle [8,9]. The secondary olfactory areas
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Figure 2. This image shows the reductions in grey matter in 19 patients with anosmia compared with 20 healthy controls. The
level of significance is p<0.001 and images overlay onto the average T; image of all subjects. The top row shows two sagittal
slices and two coronal slices, whereas the bottom row shows three axial slices and exterior views. ACC, anterior cingulate cortex;
IFG, inferior frontal gyrus; MeFG, medial frontal gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; SFG, superior

frontal gyrus.

MeFG

include IC, OFC, ACC, hippocampus and thalamus. Involve-
ment of these structures has been confirmed by functional brain
research.

For the primary olfactory cortex, we could see PC atrophy in the
right GM, but we found no WM atrophy. We found no volume
loss in the left PC. The reason for this unilateral volume loss
remains unclear, but some reports suggest it is because of right
hemispheric dominance. Using VBM, we found no other vol-
umetric changes in other primary olfactory cortical areas. VBM
may not have provided enough resolution to find changes in
these small structures.

Atrophy was found in secondary olfactory areas, specifically
IC, OFC and ACC. GM atrophy was found only in the right IC,
and there was more left than right GM atrophy in ACC and
OFC. We found more WM atrophy in the left ACC and OFC
than in the right ACC and OFC, and no WM atrophy was
found in the IC. Several functional imaging studies have shown
stronger GM activity in the right IC than in the left IC during
olfactory tasks, which might be explained by laterality in ol-
factory processing at the IC level [10-12]. Gottfried [8] and
Shepherd [9] found that the medial prefrontal cortex (MPC),
which includes the ACC, is closely related to olfactory sensa-
tion, and the ACC has been called a key node in the “flavor
network” [13]. Furthermore, Varney et al [14] showed hypo-
metabolism in the MPC as well as in the OFC in a positron
emission tomography study on patients with post-traumatic
anosmia. This hypometabolism could be explained by the GM
and WM decreases in the MPC and OFC as measured by VBM
in our study.

In addition to these well-known functional olfactory areas, we
found atrophy in other areas, such as MOG and Prec, which

are considered to play an important role in the recall of epi-
sodic memories during olfactory matching [15]. We also found
both GM and WM atrophy in the cerebellum, with more right
than left GM atrophy in the cerebellum. Sobel et al [16] sug-
gested that the cerebellum receives olfactory information for
modulating sniffing, which, in turn, modulates olfactory input.
The study by Savic et al [17,18] found that the right cerebellum is
activated during discrimination of odour intensity, odour quality
and odour recognition memory, whereas the left cerebellum is
activated by episodic odour recognition memory retrieval. Cerf-
Ducastel and Murphy [19] found that a cross-modal olfactory
recognition memory aroused cerebellar activation. Their data
demonstrate that the cerebellum not only modulates sniffing but
is also involved in olfactory cognitive processing. In addition, the
fusiform gyrus showed bilateral atrophy. This function of the
area in olfaction is still not clear, but its role in chemosensory
processing has previously been demonstrated [20].

Our primary interest is in relationships between GM and WM
atrophy. We found that greater volume atrophy in some GM
areas was accompanied by greater volume atrophy in corre-
sponding WM areas. Using SPSS® v. 16.0 (SPSS Inc., Chicago,
IL) to analyse the relationship between GM and WM, we did
indeed find positive correlations between atrophy in corre-
sponding GM and WM areas. We can thus assume that GM
and WM alteration is interrelated, not independent. GM
changes are proportional to WM changes. We speculate that
GM is injured more seriously and earlier than WM in anosmia,
resulting in larger GM atrophies.

As predicted, we did find a significant positive correlation
between disease duration and the degree of the GM and WM
atrophy. We separated the anosmic patients into two subgroups
using disease duration of less or more than 1 year and found
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MNI coordinates (mm)
Region Side Z-score Cluster size (voxels)
x y z
Anterior cingulate cortex R 14 14 28 4.60 44
L —17 32 25 5.67 123
Orbitofrontal cortex R 40 26 —15 4.78 109
L —15 27 —14 6.09 295
Middle temporal gyrus R 71 —33 -2 4.89 79
L —48 —28 —12 6.44 403
Inferior temporal gyrus R 62 —44 -9 4.23 108
L —47 —43 —12 3.21 25
Superior temporal gyrus R 27 11 —29 5.92 162
L —49.5 —46.5 18 4.99 152
Middle frontal gyrus R 23 43.5 -0 7.23 362
L —21 47 -8 491 416
Superior frontal gyrus R 13 22 45 5.21 324
L —12 18 54 4.16 150
Middle occipital gyrus R 30 —76.5 10.5 5.77 327
L —32 —78 3 3.55 39
Cerebellum R 41 —76 —26 2.54 4
L —51 —76 —32 3.19 43
Insular cortex-thalamus R 47 11 -6 3.90 105
L —45 10 -8 3.81 28
Inferior frontal gyrus R 45 -1 25 5.63 399
L —54 40.5 3 4.71 625
Medial frontal gyrus R 17 30 39 5.04 354
L —16.5 -3 52.5 6.55 303

L, left; MNI, Montreal Neurological Institute; R, right.

Level of significance is p<0.001 and only clusters exceeding a size of 100 voxels are reported. All coordinates are given in MNI space.

that those with duration of more than 1 year had significantly
more atrophy than those with duration of less than 1 year. We
conclude that GM and WM atrophy becomes more serious as
anosmia progresses.

There was no compensatory increase of GM or WM in the
anosmic group. By contrast, auditory or visual dysfunction
always leads to a compensatory volume increase in other
sensory areas [21,22]. That is why a blind man will have more
sensitive tactile sensation and hearing. However, there is no
compensation for an olfactory disorder by the other senses.
Conversely, patients with hyposmia show a decrease in gustatory
function [23].

Our research confirmed Bitter’s results that anosmia can lead
to some primary and secondary olfactory cortex atrophy, that
the degree of atrophy is positively related to the duration of

anosmia and that there is no compensation in other sensory
areas. However, we found atrophy in different areas. For in-
stance, Bitter found more right GM atrophy in the ACC and
MTG and left cerebellum atrophy in hyposmics, whereas
there was more right cerebellum atrophy and left ACC and
MTG atrophy in anosmic patients [6,7]. We found more right
MTG atrophy, more right cerebellar atrophy and more left ACC
atrophy in anosmics. One possible reason for these differences is
that a relatively small number of subjects was used in both
studies. Use of more subjects might yield comparable results. The
studies may also differ in disease duration. There was a mean dis-
ease duration of 3.12 years in our research compared with Bitter’s
4.15 years. It may be that most of the anosmic patients in our
study had a shorter history of anosmia. Our patients were in-
termediate in the degree of atrophy with regard to those of Bitter’s
two studies on anosmic patients and hyposmic patients [6,7]. We
found that the volume loss in the ACC in our study was smaller
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Figure 3. This image demonstrates the overlap (grey) between the atrophy in white matter in 9 patients with anosmia for less than 1
year (black) compared with 10 patients with anosmia for more than 1 year (white). The level of significance of the voxel-based
morphometry results is p<0.001 and images overlay onto the average T; image of all subjects. The top row shows one coronal slice

and three axial slices, whereas the bottom row shows two coronal slices and two sagittal slices.

than that in Bitter’s anosmic study and larger than that in Bitter’s
hyposmic study. This is additional evidence that MPC volume is
strongly correlated with olfactory performance. We thus presume
that some brain areas are differentially sensitive to olfaction injury
at different stages of the disease process. This hypothesis needs to
be confirmed by further research using more patients at different
stages of the disease process.

Il Long History

Short History

[] Overlap

In brief, our study demonstrates that anosmia does induce
brain structure changes similar to those caused by other sen-
sory defects, but without compensatory mechanisms. GM and
WM atrophy simultaneously and the degree of atrophy are
related to disease duration. Our future research will explore
whether different GM and WM areas have different sensitivity
to olfactory injury.

Figure 4. This image demonstrates the overlap (grey) between the atrophy in grey mater in 9 patients with anosmia for less than 1
year (black) compared with 10 patients with anosmia for more than 1 year (white). The level of significance of the voxel-based
morphometry results is p<0.001 and images overlay onto the average T; image of all subjects. The top row shows two sagittal slices
and one axial slice, whereas the bottom row shows three coronal slices.

B Long History
[] Short History

[] Overlap
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