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Background: Brain areas processing olfactory information exhibit functionally relevant morphological dynamics. This suggests

the exploitation of anatomical information in the diagnosis of an olfactory dysfunction. Following previous identifications of olfac-

tory eloquent areas such as the olfactory bulbs and tracts, we focused at a brain-morphology based algorithm for establishing the

diagnosis of olfactory loss following brain injury.

Methodology: Forty-one patients with a history of head trauma dated back 40 + 39 months, and additional 23 patients without

head trauma, were assessed for damages in 11 olfaction-relevant brain areas using magnetic resonance imaging (MRI). Olfactory

function was derived from the use of a standardized, reliable and validated olfactory test. An olfactory diagnostic algorithm was

derived following classification and regression tree analysis of the brain lesion pattern.

Results: Subjects were assigned to olfactory diagnoses of anosmia, hyposmia or normosmia. These diagnoses were predictable

at an accuracy of 62.3 % from the degree of damage in the olfactory bulb and in the left temporal lobe pole. The main diagnosis

algorithm addressed the presence of anosmia, which could be predicted from the degree of damage in these brain areas at an

accuracy of 81.3 %.

Conclusions: We independently reproduced previously identified brain regions in which morphological damage is associated

with olfactory loss. Based on this reproduction, an algorithm was developed for the diagnosis of anosmia from central-nervous

damage. Thus, we introduce a morphological component to the olfactory diagnosis that specifically addresses clinical cases of

olfactory loss following head trauma.
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Introduction

Brain regions activated by olfactory stimuli in humans @ de-
monstrate remarkable morphological dynamics . This dynami-
cally changing morphology of the olfactory network is attended
by variations in olfactory function. For example, volume loss in
the gray matter © or the olfactory bulb “” is accompanied by re-
versible anosmia. Normosmia was restored when the volume of
olfactory brain areas such as the olfactory bulb was restored ©2),

This was supported by the observation of statistically significant
differences in the right and left olfactory bulb and tract volumes
between anosmic and hyposmic patients and between post-
traumatic patients and control subjects ©. Thus, the relationship
between morphological signs of posttraumatic brain damage in
areas particularly important to the sense of smell can be consi-
dered as well established.

This relationship between the morphological dynamics of the
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olfactory brain network and olfactory function suggests that
anatomical information may be exploited for the diagnosis of
an olfactory dysfunction. However, despite this knowledge,
including the identification of relevant areas such as the olfac-
tory bulbs and tracts, standard diagnosis of olfactory function
relies on patients’ performance in psychophysical olfactory tests
without regarding the brain morphology.

The present study aimed at obtaining a brain-morphology
based criterion that might help physicians to establish the diag-
nosis of a patient’s olfactory function. As associations between
the topography of brain damages and olfactory loss had been
explored previously at a descriptive level in detail ©, present as-
sessments did not pursue this path towards further details such
as association of particular dimensions of olfactory loss with the
brain morphology, but remained at the level of major clinical
olfactory diagnoses, in particular of anosmia, and focused on
obtaining an algorithm for use in the procedure of olfactory
diagnosis.

Materials and methods

Patients and olfactory testing

The study followed the Declaration of Helsinki and was ap-
proved by the Ethics Committee of the Faculty of Medicine of
the Technical University of Dresden, Germany (protocol number
EK287092010). Informed written consent from each partici-
pating subject had been obtained. Sixty-four patients (age 22

- 75 years, 50.1 + 13.9 years; 39 men) were enrolled who had
presented themselves at the Smell & Taste Clinic, Department of
ORL, TU Dresden, with the symptom “olfactory loss”. Forty-one of
these patients (age 29 - 75 years, 53.8 + 12.7 years; 23 men) re-
membered a head trauma dated back 40 + 39 months, of whom
20 were diagnosed as hyposmic and 21 as functionally anosmic.
The other subjects (age 22 - 72 years, 43.4 + 13.6 years; 16 men)
severed for potential comparison and had no history of brain
injury, however, it is known that minor morphological signs

of brain damage are among frequent accidental observations
during magnet-resonance imaging (MRI) without that the sub-
ject actually remembered the actual cause. Of these subjects,
16 were diagnosed as being normosmic, five as hyposmic and
two as anosmic. The inclusion of subjects without brain trauma
served to avoid a complete overlap of subjects with brain les-
ions with subjects with olfactory loss.

Following rhinological examination including nasal endoscopy
and a detailed structured history 19 the subjects’ olfactory
acuity was quantified by means of the clinically established
“Sniffin’ Sticks” test battery "2, This assessed the three main
components, namely (i) the perception of odours at low con-
centrations, which is the odour threshold, (ii) the distinction of
different smells, which is the ability of odour discrimination, and

Figure 1. An example MRI scan showing a coronal section through the

brain of a patient with 1st degree lesion at the right OFC and a relatively
large 2nd degree lesion with CSF deposit between meninges at the left

OFC.The displayed subject was anosmic.

(iii) the ability to name or associate an odour, which is odour
identification. The detailed procedure has been described pre-
viously "2, In brief, olfactory thresholds were obtained for the
roselike odour phenylethyl-alcohol at 16 successive 1:2 dilution
steps starting at a solution of 4 %. Using a three-alternative (one
pen with the odorant and two blanks presented at intervals

of 3 siin front of the nostril) forced-choice task and a staircase
paradigm, two successive correct or one incorrect identifications
triggered a staircase reversal. The odour threshold was the mean
of the last four out of seven reversals (normal values > 6 %),
Odour discrimination was determined with triplets of pens, two
containing the same odorant and the third a different, “target”,
odorant, comprising a total of 16 different target/non-target
combinations (normal score > 11 correct discriminations using
a three-alternative forced-choice task) (for details, see Table 2 of
4), The odour identification subtest comprised 16 commonly
known odours " and was done using a list of four descriptors
from which the subjects had to name the correct odour (normal
score: > 12 correct identifications). The olfactory diagnosis was
derived from the “Threshold Discrimination Identification” (TDI)
sum score of the subtests '*'9, in which normosmia requires a
score > 30.5 while hyposmia is defined at 30.5 > TDI > 15.5 and
functional anosmia at TDI < 15.5) 13,

Brain imaging

Structural MRI was obtained using a Siemens Sonata 1.5 T scan-
ner (Siemens, Erlangen, Germany) using a T1-weighted (turbo
flash sequence) axial scan with 192 slices (1 mm), a 384 * 384
matrix, flip angle 15°, a repetition time of 2180 ms, echo time of
3.93 ms, and two averages (2180/ 3.93/2) was acquired (Figure
1). The degree of cerebral lesions was quantified bilaterally
(Figure 2) at 11 cerebral areas that have been reported to be in-
volved in the human central nervous processing of smell . This
included the olfactory bulb, the lateral orbitofrontal cortex, the
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Figure 2. Heat map of brain lesions data.
(columns: brain regions, rows: patients, color code: red = severe dam-
age, yellow = moderate damage, dark gray = not affected), sorted for
olfactory diagnoses (left column, anosmia = red, hyposmia = yellow,
normal olfactory function = dark gray). Above the heat map, the total
number of observed brain lesions per region (column sums of the heat
map) is displayed as a bar chart. Abbreviations: olfactory bulb (BO),
lateral orbitofrontal cortex (IOFC), median orbitofrontal cortex (mOFC),
hypothalamus (hypoth), temporal lobe pole (TLPole), mesial temporal
lobe (mesTL), anterior (antins), posterior insular cortex (postins), thala-

mus (thal), striatum (stri-at), Globus pallidus (pallid).

median orbitofrontal cortex, the hypothalamus, the temporal
lobe pole, the mesial temporal lobe, the anterior and posterior
insular cortex, the thalamus, the striatum and the Globus pal-
lidus. The degree of regional brain damage was quantified using
a three-point ordinal scale. Absent damage was attributed a
value of 0, moderate damage a value of 1 (lesion clearly present;
extent very small) and severe damage a value of 2 (lesion clearly
present; large extent). Grading was done by experienced obser-
vers (NR, KH) and inter-observer incongruences were discussed
until a joint decision was reached.

Data analysis
Analysis focused on establishing a diagnostic algorithm based

Brain lesions and olfaction

Table 1. Detailed explanation of the bilateral olfactory damage score.

Damage score BOD
One side Opposite side

0 0 0
0 1 1

0 2 2
1 1 4
1 2 6
2 2 12

The bilateral olfactory damage score is calculated as BOD =

> Damage (1+minimum(Damage, ,Damage ) with Damage

left right * left right

scaled as [0,1,2] for increasing severity, i.e., absent damage was attri-
buted a value of 0, moderate damage a value of 1 and severe damage a
value of 2. The BOD score accommodated the perception that bilateral
is functionally more serious that unilateral damage as the function of

a damaged brain area may still be provided by its contralateral healthy
counterpart. This also agreed with visual inspection of the data that
suggested less frequent normosmia in the presence of bilateral brain
regional damage. The table demonstrates which possible values can be
taken by the BOD score, i.e., in the presence of no (0), moderate (1) or
severe (2) damage at one side and the concomitant presence 1 - 2) or

absence (0) of damage at the same brain are of the contralateral side.

on the damage pattern in brain areas that possess a particular
importance for olfaction. Visual inspection of the data sug-
gested that normosmia was less frequent in the presence of
bilateral brain regional damage (Figure 2). To accommodate this
observation, bilateral olfactory damage (BOD) score was deve-
loped as BOD =¥ Damage

(T+minimum (Damage, .,Damage ),

left’ right

with Damage scaled as [0,1,2] for increasing severity (Table 1),

leftright *

separately for each brain area. This agreed with the perception
that the function of a damaged brain area may be partly sub-
stituted by its intact contralateral equivalent, making bilateral
damage functionally more severe than unilateral.

The BOD scores, the original side-specific damage scores, the
row sum of the brain damage grades (Figure 2), together with
the subjects’age, sex, and the duration of the disorder were
submitted to classification and regression tree (CART) analyses
07, from which a diagnostic algorithm was derived. Calculations
were done using the library “rpart” (http://cran.r-project.org/
web/packages/rpart/index.html) in R (version 3.0.2 for Linux;
http://CRAN.R-project.org/). To estimate the predictive perfor-
mance of identifying (i) olfactory diagnoses (normosmia, hypos-
mia, functional anosmia) or, alternatively (ii) just anosmia, i.e.,
binary as its presence or absence, the tree models were cross-
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BODgg 2 2 BODgg <2
Anosmia Age = 54 Age <54
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Normosmia
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Figure 3. Classification and regression tree (CART) visualizing the deci-
sion rules for assignment of patients to the three olfactory diagnostic
classes, i.e., anosmia (class = 0, blue), hyposmia (class = 1, violet) or nor-
mosmia (class = 2, green). Decision steps are colored in orange, results,
i.e., diagnoses, are colored blue, violet or green for the three different
olfactory diagnoses. CART analysis identified a bilateral olfactory dam-
age score, calculated as:

BOD =% Damage,m”.gm

with Damage (Dmg) scaled as [0,1,2] for increasing severity, at the olfac-

-1 +minimum(Damage,eﬁ,Damage".gm)

tory bulb scoring at least 2, a diagnosis of anosmia was most likely while
with less pronounced damage, the diagnosis depended on the patient’s
age, and in subjects aged < 54 years, normosmia was likely in the

absence of lesions in the left temporal lobe pole (TLPole).

validated using a leave-k-out approach, where k was a randomly
picked tenth of the total sample and the tree models were built
ten times with the respective remaining data. Finally, the best
algorithm, judged by predictivity of the olfactory diagnosis, was
assessed using a receiver operating characteristic (ROC) curve
analysis with calculation of the area under that curve, using the
library “/ROCR”in R 118

Results

Olfactory and MRI diagnoses were available from 64 subjects (39
men). Based on their TDI scores, subjects were assigned to diag-
noses of functional anosmia (n = 23, 35.9 %), hyposmia (n = 25,
39.1 %) or normosmia (n = 16, 25 %). CART analysis associated
the olfactory diagnosis not with this sum but with the degree

of morphological damage in the olfactory bulb and in the left
temporal lobe pole (Figure 3). Specifically, from a BOD score

at the olfactory bulb of 2 upwards, a diagnosis of anosmia was
most likely. With less pronounced damage of the olfactory bulb,
the diagnosis depended firstly on the patient’s age, i.e., patients
older than 54 years were more likely to have reduced olfactory
function (hyposmia). Among younger subjects, the olfactory
diagnosis of normosmia depended on the absence of damage in
the (left) temporal lobe pole. The CART model provided a cross-

BODgg 22 BODgg <2
‘ V Anosmia Age < 46 Age > 46
No anosmia Dms;’f""" Dmsl‘?"‘”‘
|
Anosmia Age <72 Age 272
No anosmia

‘ Anosmia

Figure 4. Classification and regression tree (CART) visualizing the deci-
sion rules for assignment of subjects to anosmia (class = 1, blue) or to
any other olfactory diagnosis (normal or reduced function: class =0,
green). Decision steps are colored in orange, results, i.e., the presence or
absence of anosmia, are colored blue, or green respectively. CART analy-
sis identified that from bilateral olfactory damage score, calculated as:
BOD =% Damage,efmgm )

with Damage (Dmg) scaled as [0,1,2] for increasing severity, at the olfac-

- (1+minimum(Damage, ,Damage

left” right

tory bulb from 1.5 upwards, a diagnosis of anosmia was most likely. With
less severe damage, an age below 46 years made anosmia unlikely while
with older age up to 72 years, anosmia became more likely when the left

temporal lobe pole (TLPole) was damaged.

validated correct diagnosis in 62.3 % of the cases.

The same anatomical regions were also found when focusing a
further CART analysis on the target diagnosis anosmia (Figure
4). Again, from a BOD score at the olfactory bulb of 2 upwards, a
diagnosis of anosmia was most likely. With less severe damage,
younger subjects aged below 46 years were unlikely to display
anosmia while in subjects aged between 46 and 72 years the
diagnosis of anosmia depended on the presence of a damage of
the temporal lobe pole (BOD score 1 or higher). The cross-valida-
ted correct diagnosis of anosmia using the CART tree was 81.3
%. This algorithm resulted in an area under the ROC curve of 0.8,
indicating a good diagnostic criterion according to the traditio-
nal interpretation of the curve, and a specificity and sensitivity
of 0.74 and 0.85, respectively.

Discussion

The addition of a morphological criterion to the psychophysical
test results meets a desire in olfactory diagnostics. It may streng-
then its acceptance in counseling cases where olfactory loss
following brain injury may be the cause of compensation claims
against insurances or culpable party. The CART decision rules
did not provide complete (100 %) correct diagnosis when pros-
pectively cross-validated. For the diagnosis of anosmia, which
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is often the main aim in olfactory counseling in legal context,
an accurate prediction was possible in 80 % of the cases, as also
emphasized by the ROC area agreeing with the interpretation of
a good yet not excellent diagnostic criterion. The morphological
component may reasonably complement the functional tests

in olfactory diagnosis but it will not replace them. This follows
from the fact that brain damage after trauma accounts for only
5 % of all olfactory losses . However, olfactory loss is frequent
after brain injury @® and moreover, brain damage may be found
without that the subject can recall an incident of injury. A
contribution of a rupture of the olfactory nerves to the olfactory
loss @Y cannot be excluded in the present data as morphologi-
cal information about the olfactory nerve was not accessible;
however, by having identified a role of particular brain regions
for olfactory loss rather than the mere cumulative sum of brain
damage across the analysed regions, the present results support
that central-nervous damage con-tributes to the degree and
recovery rate of posttraumatic olfactory loss ©. The results also
agree with previous evidence that olfactory function depended
on lesions in two brain regions, comprising the olfactory bulb
and olfactory tract @, in particular the temporal lobe pole ?2.
The present results compiled from this damage a morphology-
based diagnostic algorithm, particularly well performing for
anosmia, which is the major addition of this analysis to previous
knowledge. While the highly significant role of the olfactory
bulb is very clear, less is known about a possible role of the tem-
poral lobe pole in olfaction. Lesions induced by radiation have
been found to be associated with decreased olfactory function
@3, In addition, specific deficits of the temporal lobe pole in pri-
mary progressive aphasia have been found to be related severe
deficits in odour naming and matching. The role of the temporal
lobe pole was seen as “linking odour object representations to
transmodal networks, given its anatomical proximity to olfactory
and visual object processing areas” 2. Similarly, patients with
fronto-temporal lobar degeneration had significant problems
to identify retronasally presented odours ®. These results are
further supported by other studies emphasizing the important
role of the temporal lobe pole in the human processing of
odours 262, Interestingly, a side specificity of the left temporal
pole was observed, possibly pointing at a greater importance of
the left side for olfactory function than of the right side. Howe-
ver, there is a growing body of research indicating that there is
no clear laterality in the olfactory system (for reviews see ?4%9),
Accordingly, more research is needed to confirm the present
findings on the possible lateralized functioning of the temporal
lobe within the olfactory system.

The inclusion of age in both CARTSs is not surprising. Higher age
was associated with a higher probability of olfactory loss. This

is consistent with the well-known decline in human olfactory
function with increasing age ?°3". A further factor could have
been sex, for which a disadvantage of the male sex with respect

Brain lesions and olfaction

to olfactory performance has been repeatedly reported ©2. Ho-
wever, in the present cohort sex played no role for the olfactory
function. It was neither included in the CART, which might be

a consequence of the lack of significant sex differences when
analysed separately (Pearson x* 0.67, p = 0.72).

An accuracy of 80% in identifying olfactory loss leaves room for
improvement. Nevertheless, with a ROC area of 0.8 (with an ideal
maximum of 1) the algorithm reaches already the limit of a test
usually considered as “good”. With respect to the sensitivity and
specificity, it is not far below that of olfactory screening tests.
For example, the Connecticut Smell Test (CST) derived from

the comprehensive based on the Connecticut Chemosensory
Clinical Research Center (CCCRC) test ©¥ was initially reported
with a sensitivity and a specificity to detect olfactory loss of 88
and 77 %, respectively, ®¥and in a subsequent evaluation with

a sensitivity and a specificity of 93.3 and 76% ©°. The present
algorithm may provide support for the functional diagnosis by
a second and independent morphological criterion. This may
strengthen the case for example in medico-legal settings. The
test could only include more frequent brain lesions as several of
the candidate regions could not be analysed as lesions were to
rate in the present cohort. When applying the present analy-
tical approach to a larger data set and including subjects with
normosmia but brain damages, who unfortunately were not
available for enrollment in the present study, an improvement of
the morphological criterion may be expected with good reason.

Conclusions

In conclusion, we independently identified the same brain regi-
ons, in which morphological damage is strongly associated with
olfactory loss, that had been shown 15 years ago ©. We came to
these conclusions by using alternative bioinformatics. Based on
this reproduction, we used the thus valid morphological criteria
and developed an algorithm for the diagnosis of anosmia from
central-nervous damage. This adds to other causes such as
olfactory nerve rupture not addressed here. Thus, we provide a
brain morphological component to the olfactory diagnosis that
specifically addresses clinical cases of olfactory loss following
head trauma.
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