B-ENT, 2009, 5, Suppl. 13, 53-60

How to measure olfactory bulb volume and olfactory sulcus depth?
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Abstract. How to measure olfactory bulb volume and olfactory sulcus depth. In combination with psychophysical
testing and electrophysiological studies, magnetic resonance imaging plays a role in the clinical evaluation of patients
with an olfactory dysfunction. Quantitative measurements of olfactory bulb volume and of olfactory sulcus depth, and
the morphological depiction of structural abnormalities, make synergistic contributions to the accurate radiological diag-
nosis of smell dysfunction. Moreover, the plasticity of our olfactory system can be demonstrated by temporal changes in
OB volumetric measurements. In this paper, we provide an outline of how to measure olfactory bulb volume and
olfactory sulcus depth, with numerous illustrative cases of patients with congenital anosmia, post-infectious or post-
traumatic olfactory loss and sinonasal-related olfactory dysfunction.

Introduction

The introduction of magnetic
resonance imaging (MRI) to clini-
cal practice has led to a dramatic
improvement in the radiological
work-up of patients with olfactory
dysfunction. The olfactory bulb
(OB), the olfactory sulcus (OS)
and the olfactory tract (OT) are
located above the cribriform plate
of the ethmoidal bone and their
integrity is crucial for the normal
perception of the odorant stimuli.'
MRI allows for the accurate mor-
phological assessment of these
structures, together with precise
quantitative measurements which
may contribute to a better
knowledge of the mechanisms
leading to olfactory dysfunction.
X-ray cone-beam computed
tomography (CBCT) and X-ray
computed tomography (CT)
should be proposed only to claus-
trophobic patients refusing MRI
or when emergency traumatic
work-up is needed.

There is some evidence that OB
volume is related to olfactory
dysfunction in humans and that

OB volume is correlated to results
from psychophysical or electro-
physiological testing.>> On the
other hand, normal olfactory func-
tion and OB volume in healthy
subjects also suggest that there is a
close relationship between struc-
ture and function.* Finally, it is
also known that the OB is located
in the forebrain, where neuro-
genesis may occur, leading to a
certain degree of plasticity in our
olfactory system.’ OS depth is also
related to olfactory dysfunction,
mainly in congenital olfactory
dysfunction.®

MRI can unequivocally deter-
mine the origin of olfactory dys-
function, such as sinonasal
inflammatory disease (nasal poly-
posis), pathology of the olfactory
cleft (adenomatoid hamartoma),
tumoral lesions located in the eth-
moid sinus (aesthesioneuroblas-
toma) or in the anterior cranial
fossa (meningioma). However, in
the vast majority of cases, the raw
anatomical evaluation of the olfac-
tory structure does not allow us to
arrive at robust conclusions about
the origin of olfactory dysfunc-

tions. In all these patients, it
would seem useful to focus on the
OB volume and the OS depth to
determine whether these parame-
ters are inside the normal range or
abnormal.

In this review, we will discuss
how to measure the olfactory bulb
volume and the olfactory sulcus
depth at MRI in order to improve
the work-up of patients with olfac-
tory dysfunction.

MRI assessment of the olfactory
system

The OB is an ovoid structure
located immediately above the
cribriform plate of the ethmoid
bone and it is prolonged posterior-
ly by the olfactory tract that con-
veys axons from mitral cells to the
brain. The OB is routinely well
assessed on standard thin T2-
weighted slices in coronal inci-
dence. The olfactory sulcus is
defined as the sulcus separating
the gyrus recti of the frontal lobe
medially and the medial orbital
gyrus of the same frontal lobe
laterally. Cerebrospinal fluid
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Figure 1
Coronal T2-weighted 2-mm-thick views using fast spin-echo (FSE) technique of the

olfactory bulb and tract.
A: Olfactory bulb (white arrow).
B: Olfactory tract (black arrow).
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A: Schematic diagram showing the anatomical area involved in olfactory perception.
B: The method for measuring olfactory sulcus depth.

(CSF) fills the spaces between
these structures in the forebrain
(Figures 1A,1B,2).

MR examination mandatorily
includes 2-mm-thick T2-weighted
images using the Fast Spin-Echo
(FSE) technique in the coronal
plane. Fluid-attenuated inversion
recovery (FLAIR) sequences and
haemosiderin-sensitive gradient
echo (GRE) T2* sequences
covering the whole brain are also
usually performed to detect post-
contusion gliotic changes (on
FLAIR images) and post-

traumatic haemosiderin deposits
(on GRE-T2* images). Patients
are typically examined with a
1.5 Tesla MRI system (Signa
Echospeed, GEMS, Milwaukee,
WI, USA; or Intera, Philips
Healthcare, Best, Netherlands).
Systems running at 3 Teslas with a
higher signal/noise ratio (SNR)
are now available at our institu-
tion. These systems improve spa-
tial resolution but the true clinical
benefit of the higher field strength
in measuring OB volume still
needs to be investigated.
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A standard protocol includes:
(i) 5-mm-thick standard T2-
weighted fast spin-echo images
covering the whole brain to rule
out any organic brain disorder; (ii)
5-mm-thick standard FSE-FLAIR
images covering the whole brain
and 5 mm-thick T2-weighted
gradient-echo images using the
Echo-Planar imaging technique
(EPI-GRE-T2%*) covering the
whole brain to rule out the pres-
ence of any parenchymal or
meningeal post-traumatic
haemosiderin deposit; and (iii): 2-
mm-thick T1- and T2-weighted
fast spin-echo images without an
interslice gap in the coronal plane
covering the anterior and middle
segments of the base of the skull
(Figures 1A,1B,2).

OB volume measurement

OB volumes are calculated by
planimetric manual contouring.
The contours of the bulb are delin-
eated manually with an electronic
cursor on the screen using the
standard measurement tool option
of the institutional PACS system
(Carestream Health). For each
slice, the surface of the contoured
area is given in mm?®. All surfaces
are added and multiplied by two,
because of the 2-mm thickness of
the slices, to obtain a volume in
mm® (Figures 3A,3B). Measure-
ments are performed twice by the
same observer. When the dif-
ference between the two measure-
ments of the same bulb is less
than 10%, the mean of the two
measurements is calculated and
entered in the database as the
definitive volume. When a dif-
ference higher than 10% between
the two measurements is present,
a second observer performs a third
measurement. If the difference
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Figure 3
Coronal FSE T2-weighted 2-mm-thick views of the olfactory bulb and tract.

A: Olfactory bulb (white arrow).

B: Planimetric contouring and electronic display of calculated surface on screen.

between this third volume and one
of the measurements made by the
first observer is less than 10%, a
mean of them is calculated and
entered in the database as the
definitive volume to be used for
statistical analyses.

The anterior border of the OB is
easily defined as the first slice on
which it appears, when browsing
images from anterior to posterior,
that is followed by a correspon-
ding similar structure on the next
image. In turn, the posterior
extremity is less easily defined in
most cases as the transition
between OB and olfactory tract
(OT) can be either abrupt or pro-
gressive. When the transition is
progressive, the evaluation of the
last slice through the bulb may be
subjective. This point could be the
main source of intra- and inter-
observer variation. To reduce such
variability we consider the “transi-
tional” pair of slices to be those in
which the maximum decrease in
surface is observed when moving

from the first to the second slice
(Figures 4A,4B). When the transi-
tion is abrupt, this concern is obvi-
ously less urgent.

The OB may also appear to be
asymmetrical, with a reniform
appearance or with a central cavi-
ty inside the OB corresponding to
an OB ventricle. An OB ventricle
seems to be present in 59% of
healthy subjects’ (Figures 5A,5B).
Neuroblasts from the subventricu-
lar zone (neuronal stem cells: neu-
rogenesis) migrate to the OB via
the rostral migratory stream and
the OB ventricle. These neuronal
cells differentiate in the OB and
play a role in the plasticity of our
olfactory system.

OB volume is usually given as
an absolute value, but the relative
volume by comparison with the
whole brain is another way to
explore it. Amygdala volume may
also be integrated in the study
when dealing with patients pre-
senting with psychiatric disor-
ders.®
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OB volume: normal values

Typically, OB volume is higher on
average in men than in women,
although women paradoxically
have higher olfactory capabilities
than men.** The overall difference
in entire brain volume between
men and women may explain
differences in OB volumes. OB
volume also decreases with age.*
This phenomenon appears to be
related to reduced olfactory func-
tion and reduced intranasal tri-
geminal sensitivity in the elderly.

Normative data adjusted for sex
and age yield the following
results:* in healthy subjects,
average OB volume is 70 mm3
(left) and 69 mm?3 (right) for men,
and 64 mm3 (left) and 65 mm?3
(right) for women. Interindividual
variation in OB volume is rela-
tively high, ranging from 41 mm?3
to 97 mm?3 for right OB and from
37 to 98 mm3 for left OB. By
contrast, intra-individual variation
(right compared to left) is rela-
tively small.

If normal OB volume is defined
above the 10™ percentile of the dis-
tribution of volumes in the investi-
gated population, the following
normative data may be given: the
minimum OB volume is 58 mm?3
for people <45 years and 46 mm?3
for people >45 years. In our prac-
tice, we defined the normal range
of OB volume as 40 to 60 mm? in
a ‘local’ normative cohort of
healthy subjects. Such variations
between clinicians and teams**'
may be explained by differences
in measurement technique (e.g.
including or excluding the smaller
posterior OT), but also by intrinsic
variations due to the MR system
characteristics, post-processing
consoles, and computer programs
used for measurements. We there-
fore advise using the same MR
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Figure 4
A: Sagittal reformat T2-weighted 2-mm thick views of the olfactory bulb and tract.
Delineation of OB (black arrow).
Poor individualisation of the intermediate segment because of its close contiguity to the
bone.
B: Schematic diagram explaining how to measure the surface of the OB on each slice.
Surfaces are then multiplied by 2 because of the 2-mm slice thickness to obtain a
volume in mm’. The identification of the end of the OB should be based on an abrupt
decrease in size from one slice to the following one.

Figure 5
Coronal FSE T2-weighted 2-mm-thick views of the olfactory bulb and tract.
A: Note the vessel (white arrow) located above the OB.
B: Note the depression (asterisk) in the right OB, probably corresponding to the “olfac-
tory ventricle”.

system for all OB quantitative
examinations, and the same con-
touring technique on the same
post-processing console — with

sufficiently experienced operators
— and, ultimately, recruiting a nor-
mative cohort of sex- and age-
related normal controls to build a
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‘local’ reference database which
will prove extremely useful in
the context of legal procedures
requiring the precise evaluation of
physical damage.

Olfactory sulcus measurement

The olfactory sulcus of the frontal
lobe is located above the OB and
the olfactory tract. The depth of
the OS seems to be dependent on
the presence of the OB.

The depth of the OS is calcu-
lated using a standardised method.
The observer browses the coronal
T2-weighted sections from anteri-
or to posterior and selects the first
slice on which the eyeballs are no
longer visible. This slice location
corresponds to the “plane of the
posterior tangent through the eye-
balls” (PPTE), which usually
intersects with the anterior-mid
segment of the OBs. A straight
line tangent to the top surfaces of
the gyrus rectus and medial orbital
gyrus is drawn using an electronic
cursor. The depth of the olfactory
sulcus is measured by drawing the
most perpendicular line possible
connecting this tangent line to the
deepest point of the OS. Mean
values in mm revealed that the
right OS was frequently deeper
than the left OS at 19.1 and
16.7 mm respectively.®

Clinical data

MRI evaluation of patients with an
olfactory dysfunction may lead to
different situations.

If the OB is not visible on the
coronal slices, the diagnosis of a
congenital olfactory loss (either
syndromic or not) may be
proposed, particularly when the
patient claims that he/she has
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never had any olfactory capability.
In this condition, the OS depth
need to be determined, since a
reduction in the depth, or even the
absence, of the OS is frequently
observed''® (Figures 6A,6B,7A,
7B,8A,8B). Another condition is
the disappearance of the OB struc-
ture after major head trauma
(occipital), leading to the com-
plete parenchymal attrition of the
OB, and gliotic damage of vari-

Figure 6 able scope in basifrontal cortical
Coronal FSE T2-weighted 2-mm-thick views of the olfactory system in congenital greas.
olfactory loss. . . .
A: Note the absence of any OB structure. If the OB is Cl_early visible
B: Olfactory sulci display subnormal depth (right: 14.5 mm, left: 13.5 mm). on the coronal slices, volume

measurement is easily obtainable
and becomes mandatory. OB
volume has been correlated to
a certain degree of olfactory
dysfunction in sinonasal-related
olfactory dysfunction,” in post-
infectious olfactory loss,"'® in
post-traumatic olfactory loss,"'""
in idiopathic olfactory loss (per-
sonal communication) in schizo-
phrenia,® and in Alzheimer’s
disease (but not in Parkinson’s
disease)*'* (Figures 9A,9B,9C).

Figure 7 As previously reported, MRI
Coronal FSE T2-weighted 2-mm-thick views of the olfactory system in congenital  evaluation may also clearly reveal

olfactory loss. . ..
A: Note the absence of any OB structure. an obvious origin of olfactory

B: Olfactory sulci with abnormal depths (right: 6.8 mm, left: 4.1 mm). dysfunction: nasal polyposis
(Figure 10), chronic rhinosinusitis

(Figure 11), obstruction of the
olfactory cleft by an adenomatoid
hamartoma (Figure 12) and endo-
cranial meningioma (Figure 13).
Some degree of plasticity in OB
volume measurements has also
been highlighted in post-infec-
tious olfactory loss, in patients
undergoing an endoscopic endo-
nasal procedure for chronic rhino-
sinusitis.”? This clearly underlines
the potential plasticity of the
olfactory system resulting from

. ~ Figure 8 . , the continuous renewal of olfac-
Coronal FSE T2-weighted 2-mm thick views of the olfactory system in congenital olfac- .
ory loss. tory neurons and synaptic net-
A: Note the absence of any OB structure. Worklng.
B: Note the absence of any OS structure.
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Figure 9

Coronal FSE T2-weighted 2-mm thick views of the olfactory bulb.

A: OB in healthy subject: right: 55 mm3, left: 53 mm3.

B: OB in a patient with a post-infectious olfactory loss: right: 31 mm3, left: 24 mm?3.
C: OB in a patient with a post-traumatic olfactory loss: right: 28 mm3, left: 31 mm3. Note the basifrontal brain parenchymal contu-

sion above the OB, mainly on the left side.

Figure 10
Coronal T2-weighted 2-mm thick views of the olfactory
system in a patient with nasal polyposis.
Note the inflamed mucosa in the ethmoid sinus and the polyp
formation in the olfactory cleft.

Conclusions

Precise measurements of OB
volume and of OS depth, together
with the sensitive depiction of
parenchymal damage during MRI,
allow crucial insights into the

pathophysiology of olfactory dys-
function and these approaches
have been integrated in the
modern clinical diagnostic arma-
mentarium of patients with hypo-/
anosmia. The assessment of
structural abnormalities and of
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Figure 11

Coronal FSE T2-weighted 2-mm thick views of the olfactory
system in a patient with chronic rhinosinusitis.

Note the inflammatory thickening in the ethmoid cell mucosa.

decreased quantitative measure-
ments contributes to the accurate
radiological diagnosis of smell
disturbances. The prognosis for
olfactory recovery could perhaps
be approached with these diagnos-
tic tools in a synergistic way,
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Figure 12
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Coronal FSE T2-weighted 2-mm-thick views of the olfactory system in a patient with a benign exocranial tumoral lesion.
Note the adenomatoid hamartoma in the olfactory cleft on both sides.

Slices A, B, and C from anterior to posterior.

Figure 13
Coronal FSE T2-weighted 2-mm-thick views of the olfactory
system in a patient with a benign endocranial neoplastic
process.
Note the meningioma, mainly developed on the left side and
completely filling the olfactory groove on this side.

including the psychophysical and
electrophysiological testing of
olfactory dysfunction.
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