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The absence of olfactory input causes structural brain remodelling in humans. Mainly, the
olfactory bulb and cortical olfactory areas are involved in this process. The aim of our study
was to investigate volume changes of the gray and white matter in a group of subjects with
an impaired but not complete loss of olfaction (hyposmia). Magnetic resonance images of
hyposmic subjects and an age- and sex-matched control group were acquired on a 3 T
scanner. Voxel-based morphometry (VBM) was performed using VBM8 toolbox and SPM8 in
a Matlab environment. The analysis revealed significant gray matter volume loss in the
insular cortex, anterior cingulate cortex, orbitofrontal cortex, cerebellum, fusiform gyrus,
precuneus, middle temporal gyrus and piriform cortex. In the VBM white matter analysis
areas of volume loss were found underneath the insular cortex, in the cerebellum and
middle frontal gyrus. All areas of white matter atrophy were spatially connected to areas of
gray matter volume loss except the middle frontal gyrus alterations. No significant gray or
white matter volume increases could be observed. The pattern of gray matter alterations
was similar to that known from anosmic subjects with a lower extent. To our knowledge, we
report here for the first time on white matter volume alterations in patients with olfactory
deficit.
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1. Introduction

Several studies indicated that an impaired sense of olfaction
leads to structural changes in the human brain. These changes
may involve areas at the level of the olfactory bulb (OB),
primary and secondary olfactory brain areas as well as
association cortices. In this regard, the OB is well studied: It
has been shown that the absence of olfactory afferent input
results in a decrease of the OB volu me as observed e.g. in
hinolaryngology, Friedri
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patients with post-viral anosmia (Rombaux et al., 2006a) and
post-traumatic anosmia (Mueller et al., 2005; Rombaux et al.,
2006b). Interestingly, patients who incorrectly perceive actu-
ally present odours (parosmia) have a stronger OB volume
reduction compared with olfactory impaired patients without
parosmia (Abolmaali et al., 2008).

Cortical brain areas beyond the OB have achieved less
attention in the past and only a few studies focussed on these
regions. In a previous voxel-based morphometry (VBM) study
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Table 1 – Reductions of gray matter in patients with
hyposmia compared to healthy controls. The result is
thresholded at p<0.001 and only clusters exceeding a size
of 75 voxels are reported. All coordinates are given in
MNI-space.

Region Side MNI
coordinates

[mm]

Z-
score

Cluster
size

[voxels]

x y z

Anterior insular cortex R 36 20 −8 4.08 1722
Orbitofrontal cortex 30 15 −18 4.01
Middle temporal gyrus 59 −6 −18 3.55
Fusiform gyrus 56 −11 −30 3.45
Piriform cortex 28 10 −19 3.37

Anterior insular cortex L −30 21 1 3.82 487
Mid-insular cortex L −38 −1 7 3.97 305
Mid-insular cortex R 35 −6 10 3.51 305
Cerebellum L −38 −76 −21 3.92 318

L −35 −67 −36 3.79 275
Anterior cingulate cortex R 3 32 24 3.78 281
Orbitofrontal cortex R 23 50 −9 3.70 140
Precuneus R 20 −66 43 4.03 118
Fusiform gyrus L −56 −19 −29 3.43 96
Precuneus L −14 −78 21 3.56 91
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we investigated the gray matter of patients with a complete
loss of olfaction (anosmia). In this group of patients we could
show a gray matter loss in regions like the piriform cortex (PC)
as part of the primary olfactory cortex, in secondary olfactory
areas like the anterior insula cortex (IC), anterior cingulate
cortex (ACC) and the orbitofrontal cortex (OFC) and other areas
like cerebellum, precuneus (Prec), fusiform gyrus, nucleus
accumbens and subcallosal gyrus. Unfortunately, VBM
seemed not to be appropriate to demonstrate the assumed
changes in the OB volume as mentioned above (Bitter et al.,
2010).

Frasnelli et al. studied the correlation of olfactory perfor-
mance and cortical thickness in healthy subjects using an
automated measuring technique. Here, these authors ob-
served a correlation between the olfactory performance of
healthy subjects and cortical thickness of distinct structures
like the OFC, IC and adjacent cortex, and areas around the
central sulcus (Frasnelli et al., 2010).

In the present study we focussed on patients with a
reduced but not absent sense of smell. The aim was to
evaluate structural changes in brain areas of these hyposmic
patients using VBM technique. The hypothesis was to show
alterations in similar areas as previously reported for anosmic
subjects in a lower degree. Until now, nothing is known about
changes in the white matter in patients with an impaired
sense of smell. Therefore, the second aim of this study was to
evaluate if probable gray matter changes are accompanied by
white matter alterations. To our knowledge the present VBM
analysis is the first study on changes in the white matter in
patients with olfactory disorders.
2. Results

The VBM analysis revealed various areas of significant volume
loss in the gray matter of the hyposmic group. The largest
atrophic area was found in the right hemisphere and included
the anterior insular cortex (IC), parts of the adjacent orbito-
frontal cortex (OFC) and extended to the right fusiform gyrus,
middle temporal gyrus (MTG) and piriform cortex (PC). On the
left hemisphere apparent smaller anterior IC atrophy was
seen (487 vs. 1722 voxels). A further gray matter volume loss
was found in the middle portion of the IC bilaterally (305
voxels each). Cerebellar atrophy was found only on the left
side. Further affected areas were located in the gray matter of
the anterior cingulate cortex (ACC), the right OFC, the left
fusiform gyrus and the precuneus (Prec) bilaterally (Table 1,
Fig. 1).

In the VBM white matter analysis two large atrophic areas
were found directly below the IC region, bilaterally. Both areas
reached the corresponding gray matter atrophy in the middle
portion of the IC and extended in inferior direction between IC
and thalamus (Table 2, Fig. 2). A left-sided white matter loss of
the cerebellum has also been observed. It was spatially
connected to the graymatter alterations in the left cerebellum
(Fig. 3). Furthermore, two atrophic areas in the middle frontal
gyrus on both sides were seen. Here the left hemispheric area
was located near the precentral gyrus (Table 2, Fig. 2). In
opposite to the other areas no correlation to any of the above
described areas of gray matter loss could be observed at the
chosen thresholds. No significant gray or whitematter volume
increases could be observed at a threshold of p<0.001.
3. Discussion

A reduced or absent sensory input results in structural brain
reorganization as reported e.g. for the visual (Pan et al., 2007),
auditory (Shibata, 2007) or vestibular system (Hufner et al.,
2009). After complete olfactory loss such a remodelling is a
well known phenomenon at the level of the OB (Mueller et al.,
2005) and in distinct areas of the cortical gray matter (Bitter et
al., 2010). As expected, in the present studywewere not able to
detect alterations in the OB. This result can be explained with
the limits of VBM analysis using MP-RAGE sequences as
discussed elsewhere (Bitter et al., 2010).

In the present study, only patients with an impaired but
not complete loss of the sense of smell (hyposmia) were
included. Therefore, all subjects of the patient group showed a
TDI score between 16 and 25 corresponding to a moderate to
severe hyposmia. In the VBM analysis the observed pattern of
atrophic gray matter areas in these patients showed similar-
ities but also differences to that known from patients with a
complete olfactory loss (anosmia, TDI score≤15) (Bitter et al.,
2010). Common gray matter volume decreases were observed
in the ACC, IC, OFC, fusiform gyrus, Prec, cerebellum, and PC.
The PC is part of the primary olfactory cortex and involved in
the early processing of olfactory input (Gottfried, 2006). The
large atrophic area on the right hemispherewhich included IC,
OFC, and fusiform gyrus contained also anterior parts of the
PC (Table 1). Compared to the PC gray matter alterations in
anosmic subjects it was located more rostral in hyposmic
patients. No volume loss in the left PC could be found. This
laterality was also described in anosmics where also no left



Fig. 1 –Graymatter reductions in 24 hyposmic patients compared to healthy controls. The VBM result is thresholded at p<0.001.
The top row shows three sagittal slices, while in the bottom row one coronal slice and two axial slices are presented. All
coordinates are given in MNI-space. Abbreviations: ACC — anterior cingulate cortex; IC — insular cortex; MTG — middle
temporal gyrus; OFC — orbital frontal cortex; PC — piriform cortex; Prec — precuneus.
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hemispheric PC gray matter volume loss could be observed
(Bitter et al., 2010). The same was seen in early Parkinson's
disease patients where a positive correlation between olfac-
tory performance and gray matter volume was observed
exclusively in the right but not in the left PC (Wattendorf et
al., 2009). The medial prefrontal cortex (MPC) including ACC
was described to be the largest area of graymatter volume loss
in anosmics (Bitter et al., 2010). In hyposmics volume loss in
this secondary olfactory area was significantly smaller (Fig. 1).
Therefore, it can be concluded that theMPC volume is strongly
correlated to the olfactory performance. Another support for
this conclusion comes from lesion studies where the impor-
tance of an intact MPC for odour identification could be clearly
Table 2 – Reductions of white matter in patients with
hyposmia compared to healthy controls. Thresholds were
set at p<0.001 and an extent of 75 voxels. All coordinates
are given in MNI-space. The superscripted numbers refer
to the areas given in Figure 2.

Region Side MNI
coordinates

[mm]

Z-
score

Cluster
size

[voxels]

x y z

Insular cortex–thalamus1 R 36 −22 10 3.78 1080
Insular cortex–thalamus2 L −30 −7 12 3.29 332
Middle frontal gyrus3 L −30 −16 43 3.76 306
Cerebellum4 L −38 −73 −35 4.08 237
Middle frontal gyrus5 R 30 5 46 3.91 217
demonstrated (Fujiwara et al., 2008). The IC was the region
with themost extensive graymatter volume loss. It is part of the
secondary olfactory cortex. Two areas were involved — an
anterior IC area and a smaller mid-insular region. Generally, the
right ICwas significantlymore affected but also considerable left-
sided IC atrophy could be demonstrated (Fig. 1). In contrast to the
current study, in anosmic subjects only right-sided IC alterations
were described. The reason for this difference is not clear. It may
be speculated, that the present study was more sensitive in
detection of subtle changes in the left IC due to the larger amount
of participating subjects (57 vs. 34). At least, it seems that the IC
volume does not correlate in a linear manner with the olfactory
input as e.g. assumed for the MPC. In such a case a stronger
volume loss in anosmic compared tohyposmic subjectswould be
expected. The pronounced volume loss in the right IC could be
explained with the laterality in olfactory processing at IC level.
Support for this assumption comes from several functional
imaging studies which showed stronger activity in the right
rather than the left IC during olfactory tasks (Bengtsson et al.,
2001; Djordjevic et al., 2005;Wang et al., 2005). TheOFC is another
secondary olfactory area with a plenty of functions in olfactory
processing (for review see (Rolls, 2004). Therefore, structural
remodelling in this area was expected and also previously
reported in anosmic subjects. In the VBM analysis of the gray
matter it showed two regions of volume loss in the right
hemisphere. One of them reached the right-sided IC atrophic
area (Fig. 1). Prec involvement could also be demonstrated in the
hyposmic group. This area is known to be connected to olfactory
memory (Qureshy et al., 2000). Furthermore, the fusiform gyrus
showedbilateral alterations.This regionpossessesnoclear role in
olfaction. But its involvement in chemosensory processing could

image of Fig.�1


Fig. 2 –Whitematter reductions in 24 hyposmic patients compared to healthy controls. The results are thresholded at p<0.001.
All areas are labelled according to Table 2. The top row shows three sagittal slices, while in the bottom row one coronal slice and
two axial slices are presented. All coordinates are given in MNI-space.
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be previously demonstrated (Zhou and Chen, 2008). The contri-
bution of the cerebellum in olfactory processing has been
repeatedly demonstrated since early functional imaging studies
(Sobel et al., 1998). It was assumed that the cerebellummaintains
a feedback mechanism that regulates sniff volume in relation to
Fig. 3 – Correlation between gray matter (red) and white matter lo
showed underlying white matter atrophy. The threshold is set fo
slices and one axial slice, while in the bottom row three coronal
odour concentration. A possible role in cognitive olfactory
processing has also been proposed (Qureshy et al., 2000). But
details of the cerebellar involvement still have to be elucidated.
TheMTGwas the only regionwhich showed graymatter volume
loss in hyposmics but not in anosmics. The significance of MTG
ss (blue). The gray matter alterations of the IC and cerebellum
r both analyses at p<0.001. The top row shows two sagittal
slices are presented. All coordinates are given in MNI-space.
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volume loss is not clear since only a few studies showed an
involvement of this area in olfactory tasks (Welge-Lussen et al.,
2009).

In functional imaging studies a right-sided dominance in
olfactory processing has been often described (Zatorre et al.,
1992). In the current VBM study we found the most noticeable
volume decrease in the right hemisphere as well. This fact can
be seen as further evidence for the right hemispheric domi-
nance in olfaction. This result is in accordance with a study
concerning the correlation between gray matter thickness and
olfactory performance in healthy subjects without olfactory
impairment where also amainly right hemispheric graymatter
thickness decrease was shown (Frasnelli et al., 2010).

White matter changes in olfactory diseases have not been
yet addressed. Only one study investigated white matter
lesions in patients withmultiple sclerosis and their ability for
odour identification (Zorzon et al., 2000). Here, inferior
frontal lobe and temporal lobe regions were defined as
olfactory areas. A significant correlation between lesion
load and lower performance in the Cross Cultural Smell
Identification Test was seen. In contrast to Zorzon et al., in
the present VBM study a user-independent evaluation of the
whole white matter without the need of a-priori definition of
regions of interest was performed. Furthermore, we studied
subjects without additional neurological deficit except the
impaired sense of smell. Therefore, besides the higher spatial
resolution a higher conclusiveness of our study in regard of
whitematter volume changes and the correlation to olfactory
performance is assumed. The observed white matter altera-
tions showed a spatial relationship to the gray matter
alterations in the IC and cerebellum (Fig. 3). No white matter
decreases near the primary olfactory cortex could be
demonstrated. The detection of alterations in these regions
is difficult since these areas have only a limited size. Maybe
an increase of the number of investigated subjects would
reveal significant volume changes in these regions. Future
studies may proof this hypothesis.

Olfactory deficit is known to be one of the first symptoms in
neurodegenerative diseases like Alzheimer's or Parkinson's dis-
ease (Albers et al., 2006). Here, a central cause of the olfactory
impairmentcanbeassumed.Toregard this fact inour investigated
subjectswe performed aVBManalysis on a subgroup of sinunasal
hyposmics. In this group a peripheral origin of the olfactory
impairment was supposed because of the obvious nasal obstruc-
tion due to polyps. This second VBM analysis showedmainly the
same atrophic gray and white matter areas as described for the
whole group (see additional electronic material). Therefore, we
conclude that the observed gray and white matter changes are
solely due the reduced olfactory input and not sign of a
commencing neurodegenerative disorder which leads to the
olfactory impairment. Furthermore it is deduced that different
causes of olfactory impairment lead to similar cerebral alterations.

In conclusion, this is the first VBM study on hyposmic
subjects. The investigated patient group exhibited a similar
atrophic pattern with a lower extent compared to anosmic
subjects. Only a few areas known to be atrophic in anosmic
subjects could not be demonstrated. For the first timewe were
able to show structural white matter alterations in an
olfactory disease. These areas showed with two exceptions a
spatial relation to the observed gray matter atrophic areas.
It is known that volume decrease occurs in the OBs of
hyposmic patients. This effect is reversible when the
olfactory input is, e.g. post-surgery, enhanced (Gudziol et
al., 2009). Therefore, further analyses are necessary to prove
if an improved olfactory function (e.g. post-treatment or
spontaneous remission) is also followed by an increase of the
volume of formerly atrophic areas of cerebral gray and white
matter described in this study.
4. Experimental procedures

4.1. Subjects

24 hyposmic patients (58.3% male) and 43 sex- and age-
matched control subjects (58.1% male) were included in the
study. All participants were right-handed according to the
Edinburgh Handedness Inventory (Oldfield, 1971). The
threshold discrimination identification (TDI) score for the
hyposmic patients was determined by the Sniffin' Sticks test
(Kobal et al., 2000) and ranged from 16.75 to 24.75 (average
20.6±2.6). 16 of the hyposmic subjects had a sinunasal, five a
post-infectious and two a post-traumatic anosmia following
minor head injury. Structural brain lesions as well as the
presence of parosmia and phantosmia were exclusion
criteria for all participants. In all cases duration of hyposmia
was more than 10 months. Commonly, most subjects were
hyposmic for years. All patients had no additional neurolog-
ical or psychiatric deficits except the impaired sense of
smell. The Mini-Mental-State-Examination (MMSE) showed
an average value of 28.3±1.5. The age of the patient group
ranged from 18 to 55 years with a mean of 43.0±11.4 years.

All control subjects self-estimated their ability of smelling as
excellent. The TDI score ranged from 30.0 to 39.5 with an
average value of 34.1±2.5. The obtained MRI scans showed no
pathology. The age of the volunteers ranged from 22 to 68 years
with a mean of 43.0±13.8 years. All participants had given their
written consent and the study had been approved by the local
ethical committee. The study was performed according to the
guidelines of the Declaration of Helsinki 1975.

4.2. MRI data acquisition

All MR data were obtained with a 3.0 Tesla scanner (Magnetom
TrioTim system, Siemens, Erlangen, Germany) using a standard
receiving 12 channel head coil. 3-Dmagnetization prepared rapid
acquisition gradient echo (MP-Rage) sequence (TR=2300ms,
TE=3.03 ms, flip angle=9°, 192 slices, slice thickness 1 mm,
matrix 256×256, in-plane voxel size 1mm×1mm, and total
acquisition time 5:20min)was acquired to obtain high-resolution
T1 weighted images of the brain.

4.3. Voxel-based morphometry and statistical analysis

Data were processed and examined using the SPM8 software
(Wellcome Department of Imaging Neuroscience Group,
London, UK; http://www.fil.ion.ucl.ac.uk/spm), where we
applied VBM implemented in the VBM8 toolbox (http://dbm.
neuro.uni-jena.de/vbm.html) with default parameters. Images
were bias-corrected, tissue classified, and registered using

http://www.fil.ion.ucl.ac.uk/spm
http://dbm.neuro.uni-jena.de/vbm.html
http://dbm.neuro.uni-jena.de/vbm.html


47B R A I N R E S E A R C H 1 3 4 7 ( 2 0 1 0 ) 4 2 – 4 7
linear (12-parameter affine) and non-linear transformations
(warping), within a unified model (Ashburner and Friston,
2005). Subsequently, analyses were performed on gray matter
(GM) andwhitematter (WM) segments, which weremultiplied
by the non-linear components derived from the normalization
matrix in order to preserve actual GM and WM values locally
(modulated GM andWM volumes). Importantly, the segments
were not multiplied by the linear components of the registra-
tion in order to account for individual differences in brain
orientation, alignment, and size globally. Finally, the modu-
lated volumeswere smoothed with a Gaussian kernel of 8 mm
full width at half maximum (FWHM).

Voxel-wise GM and WM differences between hyposmic
patients andcontrolswere examinedusing independent-sample
t-tests. In order to avoid possible edge effects between different
tissue types,weexcludedall voxelswithGMorWMvalues of less
than 0.1 (absolute thresholdmasking).We applied a threshold of
p<0.001 with an extent of 75 voxels across the whole brain. Age
was used as nuisance effect, whichmeans that all effect that can
be explained by age was removed from the data.
Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.brainres.2010.06.003.
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