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INTRODUCTION
The olfactory bulb (OB) plays a central role in the processing
of olfactory information. It receives input from sensory neu-
rons located in the olfactory epithelium responding to odours.
OB are paired, of oval shape that occupy the most anterior por-
tion of the skull base. In animals, one of the most pronounced
effects of olfactory deprivation is the reduction of olfactory
bulb size (1,2). This is probably due to the decreased activity of
OB neurons and also to a negative effect on cholinergic cen-
trifugal systems (3). In contrast, behaviour such as olfactory
training may have a positive impact on neurogenesis, migra-
tion and replacement of interneurons in the OB indicating
plasticity (4). Moreover, olfactory conditioning during early
postnatal period temporally stimulates neurogenesis in the OB
in rats, suggesting that stimulation in early life is of importance
for the normal development of the OB (5). There is some evi-
dence that OB volume is related to olfactory dysfunction in
humans (6) and OB volume has been correlated to results from
psychophysical or electrophysiological testing (7). On the other
hand, relation with olfactory function and OB volume in
healthy subjects also suggests that a close relationship exists
between structure and function (8). In this review, we will dis-
cuss the actual knowledge regarding OB function, volumetry
using magnetic resonance imaging, and the clinical evaluation

of OB volume related to various causes of olfactory dysfunc-
tion (9).

OLFACTORY BULB
The OB receives olfactory information from olfactory receptor
neurons located in the olfactory neuroepithelium. It has a lam-
inar organization arranged in circular layers. Glial cells (called
olfactory ensheating cells) surround axon bundles on their way
to the OB. Axons then form spherical structures (called olfac-
tory glomeruli) where they synapse with mitral cells. Axons
from olfactory receptor neurons also synapse with dendrites of
intrinsic cells (periglomerular and tufted cells). Between the
glomerular layer and the mitral cell layer, the so-called “exter-
nal plexiform layer” is found. Myelinated axons from the
mitral cells run to the internal plexiform layer. Finally, the
granule cell layer is constituted by granule cells, the dendrites
of which end in the external plexiform layer or within the
granule cell layer. This organization serves as a unique coding
system in the OB, with each glomerulus receiving converging
projections from numerous olfactory receptor neurons express-
ing the same receptor (10). Centripetal information then projects
to structures with glutamate as principal neurotransmitter.
Centrifugal informations are also represented in the OB with
GABA and acetylcholine as principal neurotransmitters.

The olfactory bulb collects the sensory afferents of the olfactory receptor cells located in the olfac-

tory neuroepithelium. The olfactory bulb ends with the olfactory tract and is closely related to the

olfactory sulcus of the frontal lobe. Many studies demonstrated that olfactory bulb volume

assessed with magnetic resonance imaging is related to the olfactory function both in normal and

pathological conditions. It has been shown that olfactory bulb volume changes with the degree of

olfactory dysfunction, that it decreases with the duration of the olfactory loss and that patients

with qualitative disorder such as parosmia have smaller olfactory bulbs than patients without

parosmia. 

In this review, we will discuss the actual knowledge regarding olfactory bulb function, practical

ways to measure olfactory bulb volume and olfactory sulcus depth, and report systematic observa-

tions regarding these measurements related to various causes of olfactory dysfunction, e.g. infec-

tion of the upper respiratory tract, head trauma, or neurodegenerative disease.

Measurement of olfactory bulb volume may provide valuable information for patients with olfac-

tory dysfunction.
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The OB is one of the few brain structures receiving a supply of
newly generated cells throughout adult life. In addition, the
OB maintains continuing synaptogenesis throughout life,
which probably contributes to the plasticity of the sense of
smell. Neuronal precursors are generated from stem cells in
the subventricular zone lining the lateral ventricles. The OB
appears to be continuously populated by new granular and
periglomerular cells (11). Progenitor cells are transferred to the
OB via the rostral migratory stream, invade the glomerular and
granule cell layers and become periglomerular and granule
cells. This mechanism explains why processes of cell death and
cell regeneration coexist in the OB, resulting in continual
remodeling of local synaptic connections. It has been shown
that this ventriculo-olfactory neurogenic system is of primary
importance and that human neuroblasts migrate to the OB via
a lateral ventricular extension, starting at the subventricular
zone (12,13).

The OB ends with the olfactory tract, which runs at the skull
base and terminates in three different projections; the internal,
medial and external projections the connections of which ter-
minate in the primary olfactory cortex. Primary olfactory cor-
tex includes the anterior olfactory nucleus (in humans integrat-
ed in OB and olfactory tract), the piriform cortex, the peri-
amygdaloid cortex, the amygdala, the entorhinal cortex and its
tubercle. Therefore, the OB is viewed as a center of great com-
plexity, containing associative connections at several levels
with a sensory centripetal circuit of informations as well as a
centrifugal one.

OLFACTORY BULB; MRI ASSESSMENT
The OB has received much attention since routine MRI tools
allow the clinician to measure its volume. However, routine
clinical imaging of the brain and of the skull base does not
usually show the entire olfactory apparatus. MRI sequences
may differ in plane resolution and voxel size explaining why
certain imaging sequences are not useful for olfactory imaging.
Volumetric measurement of the right and left OB usually is
performed by manual segmentation of the coronal slices
through the OB. Usually, patients for clinical purpose undergo
a 1.5 Tesla MRI and most of researchers use the same method-
ology: the plannimetric contouring method. The OB is located
at the skull base, viewed on coronal slices (Figure 1). 
Plannimetric contouring of the surface is performed and vol-
ume is calculated by multiplying the obtained surface by slice
thickness (Figure 2). The OB is an ovoid structure and the
anterior part is usually easy to assess. The posterior end of the
OB is sometimes difficult to determine and the exact definition
of this posterior end probably explains some differences in the
measurements obtained by different authors. We propose that
the posterior end of the OB would be determined when two
successive slice measurements yield the same results revealing
that the OB ends with olfactory tract. 

As mentioned above, patients are typically examined on a 1.5
Tesla MRI system (Signa Echospeed, GEMS, Milwaukee, WI,
USA; or Sonata, Siemens, Erlangen, Germany) using a stan-
dardized protocol for OB analysis (6,14,15). Higher Tesla power
MRI are now available. While these systems promise higher
resolution their effectiveness in measuring OB volume needs
to be proven. 
A typical protocol includes: (i) 5-mm-thick standard T2-
weighted fast spin-echo images covering the whole brain with-
out interslice gap to rule out any organic brain disorder; (ii)
5mm-thick T2-weighted images gradient-echo images using
the Echo-Planar imaging technique (EPI-GRE-T2*) covering
the whole brain to rule out the presence of any parenchymal
or meningeal post-traumatic hemosiderin deposit; and (iii): 
2-mm-thick T1- and T2-weighted fast spin-echo images with-
out interslice gap in the coronal plane covering the anterior
and middle segments of the base of the skull. OB volumes are
calculated by planimetric manual contouring using standard

Figure 1. Coronal and sagittal T2 weighted sequence, reconstruction

from horizontal plane OB volume (arrow) and olfactory tract.

Figure 2. Coronal T2 weighted sequence, OB from normosmic patient.

Manual contouring of the OB with surface expressed in mm2.



methods. The contours of the bulb are manually delineated
using an electronic cursor. For each slice the surface of the
contoured area is computed in mm2. All surfaces are added
and multiplied by two because of the 2-mm slice thickness to
obtain a volume in mm3. Measurements are performed twice
by the same observer. When two measurements of the same
bulb exhibited a difference of less than 10%, a mean of the
two measurements is calculated and included into the data-
base as the definitive volume. When a difference higher than
10% between the two measurements is present, a second
observer performs a third measurement. When this third vol-
ume shows a difference of less than 10% with one of those
made by the first observer, a mean of them is calculated and
included into the database as the definitive volume to be used
for statistical analyses. 
Another way to measure the OB volume is to determine the
larger of the left and right OB volumes when the intent is to
correlate the OB volume with psychophysical testing of olfac-
tory function tested birhinally. As birhinal tests usually reflect
the function of the better side, it seems logical to correlate it to
the highest OB volume that could be obtained.
The olfactory sulcus of the frontal lobe is visible above the OB
and the olfactory tract. The depth of the OS seems to be
dependent on the presence of the OB (16).
The depth of the OS is calculated using a standardized method
(6,14-16). The observer browses the coronal T2-weighted sections
from anterior to posterior and selects the first slice on which
the eyeball is no more seen. This slice location corresponds to
the so-called “plane of the posterior tangent through the eye-
balls” (PPTE) which cuts the anterior-mid segment of the OBs.
A straight line tangent to the surface of the top of the gyrus
rectus and to that of the orbital gyrus is drawn using the elec-
tronic cursor. The depth of the olfactory sulcus is measured by
drawing a perpendicular line connecting this tangent line to the
deepest point of the sulcus. This measurement is of particular
interest in patients with congenital anosmia.

Test-retest normative data have been published by pioneers in
this field with very satisfactory results (17). More recently,
nomative data adjusted for sex and age have been published
giving the following results (8); for healthy subjects between 19
to 79 years old, the average OB volume is 70 mm3 (left) and 
69 mm2 (right ) for men and 64 mm2 (left) and 65 mm3 (right)
for women. Between individual variation in OB volume is rela-
tively large, with the volume ranging from 41 mm3 to 97 mm3

for right OB and from 37 to 98 mm3 for left OB. On the con-
trary, within individual variation (right vs left) is relatively
small (Figure 3A).
Typically, OB volume is on average higher in men than in
women although women usually exhibited higher olfactory
performances than men. The volume of the entire brain that is
different between sexes probably explains this fact. OB also
decreases with age. This appears to be related to the fact that
older subjects have reduced olfactory function and reduced

intranasal trigeminal sensitivity. The right OB is usually bigger
than the left one. If a normal OB volume is defined as to be
above the 10th percentile of the distribution of volumes in the
investigated population, the following normative data may be
given; for people < 45 years the OB should have a minimum
volume of 58 mm3 and for people > 45 years the OB should
have a minimum volume of 46 mm3. Recently, Buschhüter et
al. reported a large cohort of healthy subjects for whom OB
volumes have been correlated to their olfactory performances
assessed with the “Sniffin’ Sticks” test (18), one of the most pop-
ular tests in Europe to assess olfactory acuity. In this study, a
significant correlation was observed between OB volume and
odour identification ability independent of age (18).
It should also be noted that variance in the OB shape has been
observed in healthy subjects with trifoliated or trifurcated
appearance (Figure 3B), some degree of asymmetry or a “kid-
ney” appearance (Figure 3C).

CLINICAL EVALUATION
OB function is deteriorated when sensory input from periphery
is likely to be decreased as in post-infectious olfactory disorder,
in post-traumatic olfactory loss, or in olfactory loss due to
sinonasal disease. Most of the studies relying on OB volume
and OS depth have been performed on a relatively small num-
ber of patients and without adequate control groups. However,
there is evidence that OB volume is decreased in many clinical
circumstances associated with olfactory loss (7,18-20). 
Modern assessment of olfactory function includes psychophys-
ical testing, through both orthonasal and retronasal routes,
electrophysiological recordings (olfactory and trigeminal event-
related potentials) and structural MRI focusing on OB volume
and olfactory sulcus depth. OB volume has now been calculat-
ed in a number of clinical conditions and correlation between
OB volume and olfactory dysfunction has been demonstrated
both for qualitative and quantitative disorders (Table 1).

Post-infectious olfactory loss

Patients with post-infectious olfactory loss are typically middle-
aged women who observe olfactory disturbances after an acute
upper airway respiratory infection. They frequently complain

Olfactory dysfunction 5

Figure 3. Coronal T2 weighted sequence, OB from normosmic patient

(A) OB are paired structure of oval shape. (B) variation; trifoliated or

trifurcated appearance. (C) variation; “kidney” appearance. 
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of quantitative but also qualitative dysfunction such as paros-
mia. Until now, no medications has been proved to be effec-
tive in controlled studies and spontaneous recovery may be
expected in 35% of the cases within the first two years after the
infectious event. First evidence that a correlation exists
between OB volume and olfactory dysfunction in postinfec-
tious olfactory disorder patients has been demonstrated by

Muller et al. (6). In addition, we conducted a study based on 26
patients where OB volume and OS depth have been correlated
to psychophysical olfactory testing (Figure 4) (14). OB volumes
of patients with hyposmia were found to be larger than those
of patients with functional anosmia. No difference was found
between left and right-sided OB volumes. In addition, left- and
right-sided OB volume exhibited significant correlations with
the patients’ odor identification score. 
With regard to depth of the OS, no significant difference was
observed between patients with anosmia / hyposmia or
between the left and right OS. No significant correlations
between OS depth and any measure of olfactory function was
observed. There was a negative correlation between OB vol-
umes and duration of the olfactory loss. Finally, patients with
parosmia had smaller OB volumes compared to patients with-
out parosmia although the two groups did not differ signifi-
cantly in terms of measured olfactory sensitivity as obtained
with the “Sniffin’ Sticks”. 

Post-traumatic olfactory loss

Current explanations about post-traumatic olfactory disorders
include a lesion and/or tearing of the fila olfactoria on their
way through the cribriform plate and contusion and/or haem-
orrhage in the central olfactory pathways such as OB, olfactory
tracts, orbitofrontal cortex, frontal lobe (gyrus rectus), or the
antero-inferior part of the temporal lobe (21,22). 
There is strong evidence about a relation between OB volume
and olfactory function (Figure 5A and 5B) (6,15,22). A total of 25

Table 1. Clinical studies focusing on olfactory bulb volume in different diseases. TDI score; treshold, discrimination, identification scores used in the
Snifin’ stick test. UPSIT; University of Pennsylvania Smell Identification Test.
References Disease n Olfactory function Olfactory bulb Remarks

volume
6. Postinfectious, 31 patients Decreased Reduced compared Also more reduced

posttraumatic 17 controls (TDI score) to control for patients with
parosmia compared to 
patients without

14. Postinfectious 26 patients Decreased Higher for hyposmic Also more reduced for
(TDI score) compared to anosmic patients with parosmia 

compared to patients without

15. Posttraumatic 25 patients Decreased Higher for hyposmic Also more reduced 
(TDI score) compared to anosmic when temporal lobe

damage were present

22. Posttraumatic 36 patients Decreased Reduced Correlated to olfactory 
(UPSIT score) function

23. Chronic 22 patients Normal Reduced for patients Correlated to sinonasal
rhinosinusitis 16 controls (TDI score) with severe inflammation at CT scan

inflammation (CT Scan)

29. Parkinson’s disease 11 patients Not determined No difference between
9 controls patients and controls

30. Alzheimer’s disease 21 patients Not determined Reduced for patients OB volume correlated
21 controls compared to controls to Mini Mental State 

Examination

31. Schizophrenia 26 patients Slight decrease Reduced for patients Correlated to olfactory 
22 controls compared to controls function

Figure 4. Coronal T2 weighted sequence, OB from patient with post-

infectious olfactory loss. Bilaterally decreased volume of the OB.
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patients were included in our study. Parosmia was present in
seven patients. Orthonasal testing showed that 20 of the
patients had anosmia and five were hyposmic. The mean
retronasal olfaction score was 9.5 (range 4–15) or 47.5% (range
20–75%) expressed as the percentage of the maximal score of
20. Mean orthonasal function for odour identification was 4.5
(range 1–14) or 29% (range 6–88%) expressed as the percentage
of a maximum score of 16. These scores differed significantly
indicating that retronasal function was less affected than
orthonasal function.
Correlations between orthonasal scores, retronasal olfactory
function and OB volume revealed that retronasal odour identi-
fication correlated significantly with OB volume while this was
not the case for orthonasal odour identification. These analy-
ses suggested that, at least in this study, OB volume is of
greater significance in retronasal than in orthonasal function.
Patients with anosmia had significantly smaller OB volumes
than those with hyposmia, and patients with parosmia had sig-
nificantly smaller OB volumes than those without parosmia.
Damage to the frontal lobes was noted in 15 patients (60%);
seven of these patients exhibited additional damage of the
antero-inferior temporal lobe. There was a clear relation
between patients without cortical damage, those with frontal
lobes damages, and those with both damages, and retro-olfac-
tion scores and OB volume.

Chronic rhinosinusitis and olfactory dysfunction

Olfactory disturbances in patients with CRS are supposed to
appear secondary to inflammatory mediators in the nasal fossa
interacting in a negative way with the olfactory neuroepitheli-
um or to the obstruction to the passage of odorant molecules
to the olfactory cleft due to polyp formation. Recently, we con-
ducted a study on OB volume in CRS patients who had no
polyps at endoscopic evaluation and who had no other possible
causes for their smell loss (23). OB volume was investigated in
patients with sinonasal disease and in a control group. There
was no significant group difference between patients and con-

trols with regard to OB volume. However, patients with slight
to moderate inflammation of the paranasal sinuses had signifi-
cantly higher OB volume than patients with a higher paranasal
sinuses inflammation (expressed with the Lund mackay score
originally described for CT Scan evaluation). Even, when con-
trolling for the subjects’ age, a significant correlation was pre-
sent between OB volume and SND score with smaller OB vol-
umes being associated with a higher degree of nasal pathology.
This study shows that patients even with marginally decreased
olfactory function may have some deprivation in olfactory
stimulation leading to a decreased volume of their OB. This
emphasizes that OB volume is sensitive even to subtle changes
in the olfactory system. 

Idiopathic olfactory loss

In patients with idiopathic olfactory loss classical causes of
olfactory dysfunction have been ruled out. It is therefore diffi-
cult to gather many patients in this category. Recently, we per-
formed a study in patients with idiopathic olfactory loss and
were able to demonstrate that OB volumes in idiopathic
patients are indeed decreased compared to controls matched
for sex and age (Figure 6) (24).

Congenital anosmia

Some patients claim that they never had had any sense of
smell. When others causes have been ruled out these patients
may be viewed as congenitally anosmic patients. Congenital
anosmia may be isolated or associated with hypogonadotropic
hypogonadism in the so-called Kallman syndrome. MRI usual-
ly demonstrates absence or hypoplasia of the OB and a marked

Figure 5. Coronal T2 weighted sequence, OB from patient with post-

traumatic olfactory loss. (A) OB volume is decreased with minor corti-

cal damage in the left basofrontal area. (B) OB volume is decreased

with major cortical damage in the bilateral basofrontal area.

Figure 6. Coronal T2 weighted sequence, OB from patient with idio-

pathic olfactory loss. OB volume is decreased.



8 Rombaux et al.

flattening or even an absence of any olfactory sulcus (Figure 7)
(25-27). The flattening of the OS appears to be an additional cri-
terion to diagnose congenital anosmia especially when image
acquisition has been difficult due to patient’s movement. 

Neurologic and psychiatric disorders 

It is well known that olfactory dysfunction may be present at
early stages of neurodegenerative diseases such as Parkinson’s
and Alzheimer’s diseases, in the case of Parkinson’s disease

actually several years before onset of motor symptoms.
However, despite of the strongly decreased olfactory function
OB volume patients with idiopathic Parkinson’s disease were
not decreased compared to controls (28,29). Thus, it appears that
olfactory disorder in Parkinson’s disease is not a primary con-
sequence of damage to the olfactory neuroepithelium but
rather a consequence of central nervous damage.
In Alzheimer’s disease, clinical characteristics include neuronal
loss and deposition of neurofibrillary tangles (NFTs) and amy-
loid plaques in the brain. First, parahippocampal regions are
involved, then the medial temporal lobe and structures of the
limbic system, then other cortical structures. OB volume has
been shown to be decreased in patients with Alzheimer’s dis-
ease. In this study, OB volume correlated to results from the
minimental state examine (30) indicating that dementia was cor-
related with OB volume. 
Finally, in psychotic disorders such as schizophrenia OB vol-
ume is also decreased compared to controls (31). This change is
also accompanied by changes at the level of the olfactory
epithelium (32).

OB volume and olfactory event-related potentials

OB volume has been related to electrophysiological recording.
Olfactory event-related potentials are recorded in one third of
patients with olfactory dysfunction (7). Patients exhibiting
responses are usually hyposmic. It is therefore not surprising
that patients with reproducible olfactory event-related poten-
tials have a higher OB volume than patients with no response,
supposed to be profoundly affected. In our study (7), OB vol-
umes were significantly different when paired comparisons
were performed between control and patients with olfactory
dysfunction secondary to nasal polyposis, post-infectious event
and post-traumatic event. OB volumes were lowest in subjects
with post-traumatic olfactory loss. Patients with nasal polyposis
and post-infectious olfactory dysfunction, respectively, also
demonstrated lower OB volumes compared to controls.

Dynamic changes in OB volume

As the OB is a highly plastic structure, it might be expected
that OB volume changes when partial or total recovery of
olfactory function is observed. This relation has been recently
published in a cohort of 20 hyposmic patients for whom a cor-
relation between OB volume and odour threshold scores has
been demonstrated (33) when studied at two occasions (also
demonstrated in one of our patients Figure 8). This longitudi-
nal study emphasizes the idea that the volume of the human
OB reflects individual changes in olfactory status.

CONCLUSIONS
OB volume correlates with decreased olfactory sensitivity in
many diseases. It seems to be determined by olfactory function
with a strong relation to orthonasal and/or retronasal olfactory
test scores depending of the cause of the olfactory loss. OB
volume also varies with regard to qualitative olfactory dysfunc-

Figure 7. Coronal T2 weighted sequence, MR scan from a patient with

congenital anosmia (A) absence of OB structure (B) absence of OS.

Figure 8. Coronal T2 weighted sequence, OB from patient with post-

infectious olfactory loss. (A, B) MR scans at first visit; OB from anteri-

or to posterior plane at the diagnosis, OB volume is decreased (right 37

mm3  + left 33 mm3). (C, D) MR scans at second visit 18 months later;

OB from anterior to posterior plane with dynamic change in the OB

volume (right 44 mm3 + left 42 mm3). The patient showed a marked

increase both of its olfactory performances and of the OB volume.
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tion such as parosmia and with the duration of the olfactory
loss. With time when olfactory sensitivity is increasing, it could
also show dynamic changes demonstrating that OB is a highly
plastic brain structure. MRI-based measurement of OB volume
should be included in the clinical investigation of patients with
a major complaint of olfactory loss and would probably help
the clinician in counselling of patients waiting for spontaneous
recovery of their olfactory function.

REFERENCES
1. Cummings DM, Knab BR, Brunjes PC. Effects of unilateral olfac-

tory deprivation in the developing opossum. J Neurobiol 1997; 33:
429-438.

2. Korol DL, Brunjes PC. Unilateral naris closure and vascular devel-
opment in the rat olfactory bulb. Neuroscience 1992; 46: 631-641.

3. Gomez C. Brinon JG, Colado MI, Orio L, Vidal M, Barbado M,
Alonso J. Differential effects of unilateral olfactory deprivation on
noradrenergic and cholinergic systems in the main olfactory bulb
of the rat. Neuroscience 2006; 141: 2117-2128.

4. Gheusi G, Lledo PM. Control of early events in olfactory process-
ing by adult neurogenesis. Chem Senses 2007; 32: 397-409.

5. So K, Moriya T, Nishitani S, Takahashi H, Shinohara K. The
olfactory conditioning in the early postnatal period stimulated
neural stem/progenitor cells in the subventricular zone and
increased neurogenesis in the olfactory bulb of rats. Neuroscience
2008; 151: 120-128.

6. Mueller A, Rodewald A, Reden J, Gerber J, von Kummer R,
Hummel T. Reduced olfactory bulb volume in post-traumatic and
post-infectious olfactory dysfunction. Neuroreport 2005; 16: 475-
478.

7. Rombaux Ph, Wetz H, Mouraux A, Nicolas G, Bertrand B,
Duprez T, Hummel T. Olfactory function assessed with orthonasal
and retronasal testing, olfactory bulb volume and chemosensory
event related potentials. Arch Otolaryngol Head Neck Surg 2006;
132: 1346-1351. 

8. Buschhüter D, Smitka M, Psuchmann S, et al. Correlation
between olfactory bulb volume and olfactory function.
Neuroimage 2008; 42: 498-502.

9. Velakoulis D, Wood S, Wong M, et al. Hippocampal and amyg-
dala volumes according to psychosis stage and diagnosis. Arch
Gen Psychiatry 2008; 63: 139-149.

10. Mori K, Nagao H, Yoshihara Y. The olfactory bulb: coding and
processing of odor molecule information. Science 1999; 286: 711-
715.

11. Lledo PM, Saghatelyan A, Lemasson M. Inhibitory interneurons
in the olfactory bulb: from development to function.
Neuroscientist 2004; 10: 292-303.

12. Curtis MA, Kam M, Nannmark U, et al. Human neuroblasts
migrate to the olfactory bulb via a lateral ventricular extension.
Science 2007; 315: 1243-1249.

13. Sanai N, Berger MS, Garcia-Verdugo JM, Alvarez-Buylla A.
Comment on Human neuroblasts migrate to the olfactory bulb via
a lateral ventricular extension. Science 2007; 318: 393.

14. Rombaux Ph., Mouraux A, Bertrand B, Nicolas G, Duprez T,
Hummel T. Olfactory function and olfactory bulb volume in
patients with postinfectious olfactory loss. Laryngoscope 2006; 116:
436-439.

15. Rombaux Ph, Mouraux A, Bertrand B, Nicolas G, Duprez T,
Hummel T. Retronasal and orthonasal olfactory function in rela-
tion to olfactory bulb volume in patients with posttraumatic loss of
smell. Laryngoscope 2006; 116: 901-905.

16. Hummel T, Damm M, Vent J, et al. Depth of olfactory sulcus and
olfactory function. Brain Res 975; 85-89: 2003.

17. Youssem DM, Geckle RJ, Bilker WB, Doty RL. Olfactory bulb
and tratc and temporal lobe volumes: normative data across
decades. Ann NY Acad Sci 1998; 32: 113-118.

18. Kobal G, Klimek L, Wolfensberger M, et al. Multicenter investiga-
tion of 1,036 subjects using a standardized method for the assess-
ment of olfactory function combining tests of odor identification,
odor discrimination and olfactory thresholds. Eur Arch
Otorhinolaryngol 2000; 257: 205-211. 

19. Heilmann S, Strehle G, Rosenheim K, Damm M, Hummel T.
Clinical assessment of retronasal olfactory function. Arch
Otolaryngol Head Neck Surg 2002; 128: 414-418.

20. Frasnelli J, Landis BN, Heilmann S, et al. Clinical presentation of
qualitative olfactory dysfunction. Eur Arch Otorhinolaryngol 2004:
261: 411-415.

21. Youssem DM, Geckle RJ, Bilker WB, Kroger H, Doty RL.
Posttraumatic olfactory dysfunction: MR and clinical evaluation.
Am J Neuroradiol 1996; 17: 1171-1179.

22. Youssem DM, Geckle RJ, Bilker WB, Kroger H, Doty RL.
Posttraumatic smell loss; relationship of psychophysical tests and
volumes of the olfactory bulbs and tracts and the temporal lobes.
Acad Radiol 1999; 6: 264–272.

23. Rombaux Ph, Potier H, Bertrand B, Duprez T, Hummel T.
Olfactory bulb volume in patients with sinonasal disease. Am J
Rhinology 2008; 22: 598-601.

24. Rombaux Ph, Duprez T, Hummel T. Olfactory bulb volume in
idiopathic olfactory loss (unpublished observations).

25. Youssem DM, Geckle RJ, Bilker WB, McKeown DA, Doty RL.
MR evalaution of patients with congenital hyposmia or anosmia.
Am J Radiol. 1996; 166: 439-443.

26. Abolmaali ND, Hietschold V, Vogl TJ, Huttenbrink KB, Hummel
T. MR evaluation in patients with isolated anosmia since birth or
early chilhood. Am J Neuroradiol 2002; 23: 157-164.

27. Aiba T, Inoue Y, Matsumoto K, et al. Magnetic resonance imaging
for the diagnosis of congenital anosmia. Acta Otolaryngol (Suppl)
2004; 554: 50-54.

28. Youssem DM, Geckle RJ, Doty RL. Evaluation of olfactory
deficits in neurodegenerative disorders. In: The Radiological
Society of North America Scientific Program. Chicago, IL, USA.
Abstract 271. 1995.

29. Mueller A, Abolmaali ND, Hakini AR, et al. Olfactory bulb vol-
ume in patients with idiopathic Parkinson’s disease-a pilot study. J
Neural Transm. 2005; 112: 1363-1370.

30. Thomann PA, Dos Santos V, Toro P, Schönknecht P, Essig M,
Schröder J. Reduced olfactory bulb and tract in early Alzheimer’s
disease – a MRI study. doi: 10.1016/j.neurobiolaging.2007.08.001.

31. Turetski B, Moberg P, Yousem D, Doty RL, Arnold SE, Gur RE.
Reduced olfactory bulb volume in patients with Schizophrenia.
Am J Psychiatry 2000; 157: 828-830.

32. Cascella NG, Takaki M, Lin S, Sawa A. Neurodevelopmental
involvment in schizophrenia: the olfactory epithelium as an alter-
native model for research. J Neurochem. 2007; 102: 587-594.

33. Haehner A, Rodewald A, Gerber JC, Hummel T. Changes in the
volume of the human olfactory bulb correlate with olfactory func-
tion. Arch Otolaryngological Head Neck Surgery 2008; 134: 621-
624.

Philippe Rombaux, MD, PhD, 
Department of Otorhinolaryngology
Université Catholique de Louvain
Cliniques Universitaires Saint Luc
Hippocrate Avenue, 10 
1200 Brussels 
Belgium 

Tel: +32-2-764 1930 
Fax: +32-2-764 8935 
E-mail: philippe.rombaux@uclouvain.be


