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bstract

Performance on tests of odour discrimination, naming, and matching was compared in patients with four distinct forms of neurodegenerative
isease: Alzheimer’s disease (AD), semantic dementia (SD), frontotemporal dementia (FTD), and corticobasal degeneration (CBD). The SD patients
ere found to have a severe impairment of identification from olfaction despite having normal discrimination, consistent with the multimodal

emantic impairment characteristic of this patient group. The AD patients’ poor odour discrimination suggests that a perceptual impairment is the
oot of their poor odour identification. Mild impairments in odour identification observed in FTD and CBD are consistent with their generalised
xecutive dysfunction. The findings illustrate that breakdown in olfaction can occur at a perceptual or semantic level, analogous to the distinction

etween apperceptive and associative forms of deficit in the visual and auditory modalities. The findings add further insights into the nature of
he semantic deficit in SD by exploring a hitherto neglected modality and may have relevance in explaining the altered eating habits commonly
ssociated with SD.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The purpose of the present study was to examine smell
erception and recognition in four neurodegenerative dis-
rders: frontotemporal dementia (FTD), semantic dementia
SD), Alzheimer’s disease (AD), and corticobasal degeneration
CBD). There are anatomical, neuropsychological, and clini-

al reasons why investigation of smell in these disorders is
mportant—yet it has never been done so before in FTD and
D.

Abbreviations: SPSB, Odour Perception and Semantic Battery; AD,
lzheimer’s disease; FTD, frontotemporal dementia; SD, semantic dementia;
BD, corticobasal degeneration
∗ Corresponding author at: Clinica Neurologica, Dipartimento di Neuro-

cienze, Università Politecnica delle Marche, Ospedali Riuniti di Ancona, Via
onca 1, Torrette di Ancona, Ancona, Italy. Tel.: +39 071 5963647;

ax: +39 071 887262.
E-mail address: simonaluzzi@yahoo.it (S. Luzzi).
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eneration; Olfactory cortex

In the olfactory system, axons of the mitral cells of the
lfactory bulb course through the olfactory tracts and then
ia the lateral olfactory striae terminate in the amygdala and
he “primary” olfactory cortex of the uncus (Nauta & Feirtag,
986). Projections then pass to the “association” olfactory
ortex of the parahippocampal gyrus and entorhinal area.
he parahippocampal gyrus receives fibres via the cingulum

rom the cingulate gyrus and projects into the hippocampus.
hese “primary” and “associational” areas are referred to
s the pyriform cortex. The amygdala receives connections
rom middle and inferior temporal gyri (inferior association
ortex), known to be critical for semantic processing, and
n turn projects into the hypothalamus. Damage to pyriform
ortex would be expected to lead to impairment in odour at a
ensory or perceptual (apperceptive) level, whereas damage to

emporal cortical-amygdala connections would be expected to
ead to impairment at a semantic (associative) level. Lesion and
unctional neuroimaging studies (Van Hoesen, Parvizi, & Chu,
000) indicate that the medial orbitofrontal cortex – which

mailto:simonaluzzi@yahoo.it
dx.doi.org/10.1016/j.neuropsychologia.2006.12.008
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eceives input from the piriform cortex – is also implicated in
everal olfactory functions, including olfactory discrimination.

In neurodegenerative disease, olfaction has been examined
ost extensively in AD (Doty, Shaman, & Dann, 1984; Kesslak

t al., 1988; Knupfer & Spiegel, 1986; Koss, Weiffenbach,
axby, & Friedland, 1988; Larsson et al., 1999; Lehrner, Brücke,
al-Bianco, Gatterer, & Kryspin-Exner, 1997; McCaffrey, Duff,
Solomon, 2000; Rezek, 1987; Royet et al., 2001; Schiffman,

lark, & Warwick, 1990; Serby, Larson, & Kalkstein, 1991).
tudies have examined threshold, familiarity, feature discrim-

nation, identification, and recognition (see Liberini & Parola,
001; Martzke, Kopala, & Good, 1997; Mesholam, Moberg,
ahr, & Doty, 1998 for review). Despite this extensive litera-

ure, studies have not always yielded uniform results (Liberini
Parola, 2001; Martzke et al., 1997; Mesholam et al., 1998;

arola & Liberini, 1999). For example, olfactory threshold has
een reported to be preserved in AD by some authors (Koss et
l., 1988; Serby et al., 1991) but not others (Knupfer & Spiegel,
986; Morgan, Nordin, & Murphy, 1995; Rezek, 1987). Some
tudies have reported an olfactory perceptual impairment (Doty,
eyes, & Gregor, 1987), whereas others have not (Koss et al.,
988; Royet et al., 2001).

In contrast to AD, there have been no studies of olfaction in
D and FTD, two clinical syndromes of frontotemporal lobar
egeneration (Neary et al., 1998). SD is a multimodal disor-
er of meaning, in which patients have difficulty recognising
he significance of words, objects, faces, and nonverbal sounds
nd tastes, despite normal perception of those stimuli (Bozeat,
regory, Lambon Ralph, & Hodges, 2000; Coccia, Bartolini,
uzzi, Provinciali, & Lambon Ralph, 2004; Snowden, Neary, &
ann, 1996; Snowden, Thompson, & Neary, 2004). It would

e anticipated that there would be a parallel loss of meaning for
dours but no impairment in their detection and discrimination.
his would be predicted, not only on cognitive grounds based
n the findings in other modalities, but also on the basis of the
natomical distributions of pathology. In SD (Snowden et al.,
996) there is severe atrophy of the amygdala and middle and
nferior temporal gyri with relative sparing of the hippocampal
ormation (hippocampus, entorhinal cortex, and parahippocam-
al gyrus). Thus, impairment in odour recognition ought to occur
n SD because of the underlying degradation of the meaning
ssociated with each odour (arising from the anterior, inferiolat-
ral atrophy of this disorder).

FTD is a disorder of behaviour, characterised by striking
ersonality change, breakdown in social conduct and executive
mpairments (Gustafson, Brun, & Risberg, 1987; Neary et al.,
998). Atrophy is most prominent in the frontal lobes, although
t invariably involves the anterior temporal cortex to some degree
Neary et al., 1998; Snowden et al., 1996). One might predict,
herefore, some of the deficits of SD, albeit to a lesser degree.
owever, in view of the effortful search involved in odour

dentity, performance might also potentially be compromised
y patients’ executive impairments. In addition, orbitofrontal

trophy might also impact directly upon smell perception.

The study of odour perception and identification has addi-
ional relevance in SD and FTD in that it might potentially
hed light on some of the characteristic behavioural changes of
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hese disorders, namely alterations in dietary habits (Bathgate,
nowden, Varma, Blackshaw, & Neary, 2001; Bozeat, Gregory
t al., 2000; Ikeda, Brown, Holland, Fukuhara, & Hodges, 2002;
iller, Darby, Swartz, Yener, & Mena, 1995; Snowden et al.,

001). SD patients commonly exhibit food fads and are over-
elective in what they eat (Bathgate et al., 2001; Snowden et al.,
001), although in the later stages of illness they may attempt to
at inanimate objects. This behaviour, recorded more frequently
n SD than in FTD or AD (Bathgate et al., 2001; Snowden et al.,
001) is consistent with the Klüver-Bucy syndrome, which has
een associated with temporal lobe pathology. Evidence for the
oss of semantic knowledge of odours would lend support to the
iew that alterations in oral behaviour in SD are crucially linked
o patients’ semantic impairment. That is, patients are wary of
hat they eat as they no longer have olfactory cues by which to

udge edibility or freshness of foodstuffs and are prone to errors
n differentiating edible from inedible.

FTD patients exhibit a different pattern of eating behaviour.
hey commonly eat excessively and indiscriminately (Neary et
l., 1998; Snowden et al., 1996), yet frequently do so only when
ood is present and do not actively seek it out. This raises the
ossibility that the behaviour is related to a general stimulus-
oundness and failure of inhibitory control rather than to smell
r taste senses per se. The finding of preserved odour perception
ould lend support to the view that indiscriminate eating in FTD

s not a consequence of primary olfactory deficits.
CBD provides a valuable reference disorder to AD, SD and

TD in that it is a disorder predominantly of the basal ganglia
nd premotor and parietal cortex, and thus spares the temporal
ortex. Olfaction might therefore be expected to be preserved.
ndeed the relatively few available studies of olfaction in CBD
Müller, Reichmann, Livermore, & Hummel, 2002; Wenning et
l., 1995) found no olfactory impairment. It has been suggested
Hawkes, 2003) that preserved olfaction may provide a useful
iagnostic aid in distinguishing CBD from other Parkinsonian
isorders. Given the low number of studies, however, further
ata on olfaction in this patient group are merited.

. Materials and methods

.1. Participants

.1.1. Patients
The patient cohort comprised 40 individuals attending a specialist neurolog-

cal clinic for early onset dementia (in Ancona, Italy or Manchester, England),
ho had a clinical diagnosis of AD, FTD, SD, or CBD (Table 1). Diagnoses
ere made on the basis of clinical history, neurological and neuropsychological

xamination, and supported by structural and functional imaging. Routine blood
creening tests excluded secondary causes of dementia. No patient had a history
r risk factors for cerebrovascular disease. At the time of their examination all
atients had been followed up for at least 1 year, confirming the progressive
ature of their disorder. Patients fulfilled currently accepted diagnostic crite-
ia respectively for AD (McKhann et al., 1984), SD (Neary et al., 1998), FTD
Neary et al., 1998), and CBD (Lang, Riley, & Bergeron, 1994). Patients were in
he relatively early stages of disease, to minimise confounding effects of severe

ognitive impairment on olfactory performance. In particular, AD patients early
n the course of their disease were selected whose deficits were predominantly
f memory impairment alone. Patients with severe visual perceptual, spatial, or
anguage deficits, which would compromise patients’ ability to participate in
he olfactory tests, were excluded. Lateralization of damage in these patients
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Table 1
Background neuropsychology: mean (SD)

AD FTD SD CBD

Number of cases 14 11 8 7
Age 71 (8) 64 (7) 68 (6) 64 (7)
Education 10 (4) 10 (2) 14 (3) 12 (3)
Sex male:female 7:7 8:3 5:3 4:3
Smokers 0 3 0 2
Disease duration 2 (1) 4 (2) 4 (1) 3 (1)
MMSE/30 24 (2) 24 ( 6) 21 (9) 28 (2)

Language
Naming/40 38 (2) 34 (5) 9 (10) 38 (2)
Comprehension/40 40 (0) 39 (2) 30 (7) 40 (0)
Category fluency (animals) 12 (4) 13 (6) 2 (2) 15 (8)
Letter fluency (F words) 11 (4) 8 (5) 5 (5) 9 (4)

Perceptuo-spatial skills
VOSP

Shape detection test/20 19 (1) 20 (1) 20 (0) 19 (1)
Incomplete letters/20 18 (2) 17 (3) 18 (1) 18 (3)
Real object decision task/20 16 (3) 14 (3) 15 (3) 16 (1)
Dot counting/10 10 (0) 10 (1) 10 (0) 9 (1)
Position discrimination/20 19 (1) 20 (1) 19 (1) 18 (1)

Praxis
Ideomotor praxis/20 20 (0) 20 (0) 20 (0) 14 (2)
Constructional praxis/31 26 (3) 29 (2) 30 (1) 29 (1)

Memory
Digit span 6 (1) 6 (1) 7 (1) 6 (1)
Hopkins test total recall/36 14 (3) 21 (3) – 22 (3)
Hopkins test delayed recall/12 0 (1) 5 (1) –
Rey AVLT total recall/75 21 (3) 28 (1) 23 (10) 50
Rey AVLT delayed recall/15 1 (1) 6 (1) 3 (1) 11
Delayed recall Rey Figure B/32 4 (4) 21 (6) 23 (8) 25

Executive function
Weigl’s sorting test/15 8 (1) 7 (2) 6 (3) 8 (1)
Luria’s Motor Sequences/50 47 (3) 34 (8) 46 (4) 38 (7)
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Brixton test/55 25 (7)

mpaired performance is shown in bold; no measure of variance is shown for t
sing the Hopkins tests on the English cases (N = 6) and the Rey AVLT for the I

roups, especially in CBD, can be highly lateralized in the early stages. As
xpected, CBD were lateralized but they were almost equally divided between
redominantly right (three patients) and left (four cases).

In 9/11 FTD patients and 6/8 SD patients there was a history of altered eating
abits. Eight of the FTD patients showed gluttony and overeating, whereas one
ad developed food fads. All six SD patients had food fads, without gluttony. One
D patient had attempted to eat inedible objects. In none of the AD and CBD
atients were altered eating habits reported. Pharmacological history did not
ndicate the use of medication which could potentially interfere with olfaction.
he AD and SD patients involved in the study were all non-smokers, so that

mpaired performance on olfactory tests cannot be ascribed to a smoking habit.

.1.2. Controls
Controls were healthy volunteers, drawn from the same age range as the

atient groups. Exclusion criteria included a history of central nervous system
isease, head trauma, psychiatric disease or upper or lower airways disease,
ubjective report of loss of odour, or intake of medication that might affect
ognitive function. Smoking was not considered an exclusion criterion but was
ecorded for future reference. The initial pilot study involved 80 individuals, 38

talian, and 42 British, whereas the main part of the study involved a smaller
roup of 20 people [mean age 65 years (SD 7), mean education 9 years (SD 4),
ex 10 M/10 F], who were spouses of participating patients. The rationale for
nvolving spouses was to control for social background and likely exposure to
he odours used in the tests. Eight controls were smokers.

m
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p
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28 (12) 18 (6) 18 (5)

D group on the Rey AVLT elements because memory function was assessed
patients (N = 1)—see text for details.

All participants gave informed consent to the study, which was approved by
he local Ethics Committee.

.2. Background neuropsychology

The 40 patients had undergone neuropsychological evaluation as part of
heir routine clinical assessment. Table 1 shows mean performance on tasks
apping a range of cognitive abilities. Scores were compared to the published
ormative data on these tasks and abnormal scores are noted in bold text. Tasks
dministered were common to both the Italian and British samples, except for
he tests exploring verbal learning (the Hopkins test was used for the English
ample and the Rey AVLT for the Italian sample).

The pattern of results on these background tests reveals the typical neuropsy-
hological profile of each group. These are summarised briefly below. General
ssessment with the Mini-Mental State Examination (MMSE: Folstein, Folstein,

McHugh, 1975) revealed mild to moderate impairment in the four groups. Per-
ormance on language tasks, both naming and comprehension measured by a
our-choice word–picture matching test, was profoundly impaired in the SD
roup but unremarkable in other groups. In the SD group, verbal fluency perfor-

ance was poorer for category than letter fluency whereas other groups showed

he reverse pattern. Performance was within normal limits in all groups on the
erceptual and spatial tests of the VOSP battery (Warrington & James, 1991) and
n a drawing test involving copying of a simplified Rey figure (Di Nuovo, 1979).
ssessment of ideomotor praxis, using a common set of gestures (Spinnler &
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ognoni, 1987) revealed impairment in the CBD group only. Assessment of
emory revealed normal immediate memory in all groups, as measured by digit

pan but impaired list learning (Brandt, 1991; Caltagirone, Gainotti, Masullo,
Miceli, 1979) and visual recall performance. Impairment was most marked

n the AD group. On the Weigl’s sorting test (Spinnler & Tognoni, 1987), which
s a relatively undemanding test of executive function, performance did not dif-
er across the groups. On the Brixton test (Burgess & Shallice, 1997), the FTD
roup made numerically more errors than other groups, although there was vari-
bility across the group with some FTD patients performing highly abnormally
nd others within the normal range. The Luria Motor Sequencing test elicited
ost difficulty in the FTD group. In summary, the differing neuropsychological

rofile demonstrated by each group was concordant with the diagnosis: memory
n AD, executive function in FTD, language in SD, and praxis in CBD.

.3. Formation of a “smell” semantic battery

An initial pilot investigation, involving 38 Italian and 42 British normal vol-
nteers, was carried out with the aim of identifying a set of odours that are easily
ecognised by people in the general population. The pilot study was particularly
mportant in view of the cross-cultural nature of the study (involving both Italian
nd British patients). We anticipated that odours that are highly familiar to peo-
le in one culture might be less well recognised in another. Indeed, our initial
xploration found that there was considerable individual variation in the ability
o recognise many odours. A second and important motivating factor was our
esire to produce a “semantic battery” (cf. Bozeat, Lambon Ralph, Patterson,
arrard, & Hodges, 2000). The rationale behind such batteries is that a common

et of concepts are tested across a number of different semantic assessments
hat vary the modality of input and output. Such batteries allow the researcher
o probe for the status of the underlying amodal semantic representations and
or any modality-specific effects. Because of these two motivating factors, we
eeded to select a new set of odours (rather than use an existing olfaction test)
nd choosing reliably recognised odours meant that normal controls performed,
s expected, close to ceiling on many of the subtests (as is typical for such
xperimental, neuropsychological assessments). This means that the battery is
deal for testing for patients’ ability to access meaning from smell and non-
mell domains but would not be the ideal design for detecting early or subtle
mpairments of olfaction.

From the pilot testing, we selected 16/36 substances that were consistently
ecognised by a high proportion of controls in each group. The substantial cross-
ulture differences (e.g., curry was identified by 93 percent of British subjects
ut only 24 percent of Italians, in contrast, pepper was identified by 96 percent
f Italians but only 21 percent of British) meant that, despite our best attempts,
e were unable to select exactly the same items for each group. Most items

11/16) were common to both versions (bleach, coffee, petrol, almond, after-
have, lemon, cocoa, shoe polish, paint, vinegar, and orange). However, where a
ubstance elicited very disparate findings a matched substitute was used (Italian-
nglish: pepper-curry; ethyl alcohol-“Dettol”; rosemary-mint; lavender-“Vic”;
nion-whisky). Substances were always presented in opaque glass bottles (to
revent participants from seeing the substance) and, where necessary, replaced
requently to maintain the fragrance.

.4. The Odour Perception and Semantics Battery (SPSB)

The Odour Perception and Semantics Battery (SPSB) comprised five tasks.
hree were strictly related to odour as they involved an olfactory input (Odour
iscrimination, Odour Naming and Odour–Picture Matching). Two constituted

control tests”, as they examined semantic knowledge of the items used in the
rst three tasks. Each task used the same 16 stimuli. The tests were administered

n the following order.

.4.1. Odour Discrimination task
The task comprised 16 pairs of odours, half of which were identical and
alf non-identical, albeit semantically related (e.g., lemon-orange, petrol-paint,
ocoa-coffee). Odours in a pair were presented consecutively, each for approxi-
ately 2 s, with a 5 s interval between the two and the subject was asked to judge
hether the odour pairs were the same or different. As subjects were requested to
eep their eyes closed throughout the test they were pre-warned when exposure

o
s
w

ia 45 (2007) 1823–1831

o each odour was about to occur. An interval of 20 s separated the presentation
f one pair of odours from the next. No feedback was given. Stimuli are shown
n Appendix 1.

.4.2. Odour Naming task
The 16 different odours were presented consecutively and the subject was

sked to name them. For unnamed items the subject was asked to describe the
eatures of the odour (i.e., strong, sweet, bitter, etc.).

.4.3. Odour–Picture Matching task
The task required the subject to select, from four coloured pictures, the

ne that was semantically associated with the odour (e.g., car associated with
he odour of petrol; cake associated with the odour of vanilla). Each set of
our pictures comprised two edible and two non-edible items, only one of the
lternatives being plausible. The test was preceded by a two-item familiarisation
ask, using two odours not used in the main test. This familiarisation procedure
as designed to ensure that the participant searched for an item semantically

elated to the odour (e.g., vanilla-cake) and not the source of the odour itself
e.g., vanilla-vanilla sticks). Stimuli are shown in Appendix 1.

.4.4. Picture Naming task
Coloured pictures of objects/substances (e.g., almonds) corresponding to the

6 odours were presented sequentially and the subject was asked to name them.

.4.5. Word–Picture Matching task
The same set of coloured pictures used in the Odour-to-Picture Matching task

task 3) were re-presented. The examiner gave a spoken word, corresponding to
he odours used in tasks 1–3 (e.g., “coffee”, “almond”) and asked the subject to
oint to the picture most associated with that word.

.5. Analysis

Group comparisons were examined using one-way ANOVAs. Post hoc
ukey HSD pairwise comparisons were made to identify the source of sig-
ificant group effects. Correlations between experimental tests were undertaken
sing Spearman’s ρ.

. Results

Group means and standard deviations for each test are shown
n Table 2. Performance of the four patient groups on each of
he subtests is summarised below.

.1. Odour Discrimination

A one-way ANOVA revealed a significant effect of group
F(4, 55) = 7.9, p < .0001). Post hoc comparisons showed that
nly the AD group performed significantly worse than controls
p < .0001). The AD group also performed significantly more
oorly than each of the other patient groups (AD versus FTD
= .007; AD versus SD p = .003; AD versus CBD p = .03). Other
atient group comparisons were non-significant. There was no
verall performance difference between Italian and British or
etween male and female participants.

.2. Odour Naming
A one-way ANOVA revealed a highly significant effect
f group (F(4, 55) = 71.2, p < .0001). Post hoc comparisons
howed that each of the patient groups performed significantly
orse than controls (AD versus controls p < .0001; FTD versus
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Table 2
Patients’ performance on the Odour Perception and Semantics Battery

AD FTD SD CBD Controls

Odour Discrimination/16 11*** (2) 14 (2) 14 (1) 14 (1) 14 (3)
Odour Naming/16 1*** (1) 3*** (2) 0*** (0) 5*** (2) 10 (2)
Odour-to-Picture Matching/16 6*** (3) 9*** (2) 6*** (3) 9*** (3) 15 (1)
P * (3) ***

W (2)
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icture Naming/16 14 (1) 13
ord-to-Picture Matching/16 15 (2) 15

p < .05; **p < .01; ***p < .001. Comparisons are all relative to control scores. Im

ontrols p < .0001; SD versus controls p < .0001; CBD versus
ontrols p < .0001). SD patients achieved the lowest naming
cores, performing significantly worse than FTD patients
p = .004) and CBD patients (p < .0001). The SD versus AD
omparison did not reach significance (p = .5). AD patients
erformed more poorly than CBD patients (p = .002). FTD and
BD scores did not differ significantly (p = .51). There was no
erformance difference between Italian and British or between
ale and female participants.

.3. Odour–Picture Matching

A one-way ANOVA revealed a highly significant effect of
roup (F(4, 55) = 41.9, p < .0001). Post hoc comparisons showed
hat each of the patient groups performed significantly worse
han controls (AD versus controls p < .001; FTD versus con-
rols p < .001; SD versus controls p < .001; CBD versus controls
< .001). Both AD and SD patients performed more poorly

han CBD patients (p = .034 and .026, respectively). Other group
omparisons were not significant.

Errors in the control group were minimal and therefore were
ot subjected to further analysis. In the case of the patient groups
two-way ANOVA (group × edibility) showed a small effect of
dibility (F(1, 35) = 5.2, p = .03). Non-edible items were more
ikely to elicit incorrect matching responses than edible items.
here was a non-significant trend towards a group × edibility

nteraction effect (F(3, 35) = 2.56, p = .07): the poorer perfor-
ance for non-edible items was highly significant in the AD

roup (p = .003), reached significance in the SD group (p = .02)
ut was non-significant in the FTD and CBD groups.

Distractor items in the forced-choice test were associates
ither of edible or inedible odours. The patient groups did not
iffer in the proportion of incorrect responses that were asso-
iates of inedible compared to edible items (F(3, 38) = 1.14,
= .35). Moreover, the distribution of errors across the distractor
lternatives did not differ significantly from chance, suggesting
hat patients did not have partial knowledge about unrecognised
dours. There was no overall performance difference between
talian and British or between male and female participants.

.4. Picture Naming

A one-way ANOVA revealed a highly significant effect

f group (F(4, 55), p < .0001). Post hoc comparisons showed
hat only the SD group performed more poorly than controls
p < .0001). The SD group also performed worse than AD
p < .001), FTD (p < .001), and CBD (p < .001) patients. No other

t
g
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3 (4) 14 (1) 15 (1)
9*** (3) 15 (1) 16 (0)

d performance is shown in bold.

roup comparisons were significant. There was no significant
ifference in performance in Italian and British or male and
emale participants.

.5. Word–Picture Matching

A one-way ANOVA revealed a significant effect of group
F(4, 55), p < .0001). Post hoc comparisons showed that only the
D group performed worse than controls (p < .0001). SD patients
lso performed worse than AD (p < .001), FTD (p < .001), and
BD (p < 0.001) patients. No other comparisons were signif-

cant. Errors were minimal in all but the SD group. In SD
atients inedible items elicited more incorrect responses than
dible items (t(15) = 3.30, p = .01). The distribution of errors
cross the distractor alternatives did not differ significantly from
hance, suggesting that patients did not have partial knowledge
f unrecognised odour names. There was no significant differ-
nce in performance between Italian and British or between male
nd female participants.

.6. Inter-correlations between performance on odour tests

In the AD group Odour Naming was significantly corre-
ated with Odour–Picture Matching (ρ(14) = 0.64, p = .01). Other
orrelations were non-significant. In the SD group floor level
cores on Odour Naming precluded meaningful correlations.
icture Naming and Word–Picture Matching were significantly
orrelated (ρ(8) = 0.76, p = .03). There was also a relationship
etween Odour–Picture Matching and Picture Naming, which
pproached significance (ρ(8) = 0.64, p = .09). In the FTD group
dour Naming was significantly correlated with Odour–Picture
atching (ρ(11) = 0.85, p = .001) and, in turn, performance on

hese two tasks correlated with their basic odour discrimina-
ion scores (with Odour Naming: ρ(11) = 0.75, p = .01; with
dour–Picture Matching: ρ(11) = 0.78, p = .005). The other cor-

elations were non-significant. In the CBD group no correlations
ere significant.

.7. Correlations between performance on the odour tests
nd background neuropsychology

Few significant correlations were demonstrated between
erformance on odour tests and background neuropsychological

asks. A small inverse relationship was demonstrated in the AD
roup between odour naming and animal naming on the verbal
uency test (ρ(14) = −0.57, p = .05) and in the SD group between
dour perception and scores on the position discrimination sub-
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est of the VOSP battery (ρ(8) = −0.85, p = .01). In the FTD group
ositive relationships were demonstrated between odour match-
ng performance and performance on the Brixton (ρ(11) = 0.54,
= .10) and Weigls (ρ(11) = 0.70, p = .02) tests of executive

unction. No significant correlations were present in the
BD group.

. Discussion

The study investigated the prediction that different patterns
f olfactory impairment would be elicited in four forms of neu-
odegenerative disease. In keeping with prediction AD patients
ere impaired in the discrimination as well as the identifica-

ion of odours. By contrast, SD patients were impaired in their
bility to identify odours, despite normal perceptual discrimi-
ation. Performance in FTD and CBD was compromised to a
uch milder degree.

.1. Olfaction in SD

SD patients show a striking dissociation between normal
dour perception and severely impaired odour identification.
he additional presence of impairments in picture naming and
ord–picture matching point to a semantic disorder as the basis

or patients’ impairment and is in keeping with claims that the
emporal lobes have a critical role in olfactory memory (Dade,
atorre, & Jones-Gotman, 2002).

Published work on SD has tended to focus on word mean-
ng. Less attention has been devoted to the exploration of other

odalities (Lambon Ralph & Howard, 2000). Nevertheless
here is documented evidence that SD patients are impaired
n object use (Bozeat, Lambon Ralph, Patterson, & Hodges,
002; Buxbaum, Schwartz, & Carew, 1997; Hodges, Bozeat,
ambon Ralph, Patterson, & Spatt, 2000), identification of non-
erbal environmental sounds (Bozeat, Lambon Ralph et al.,
000), identification of faces (Gainotti, Barbier, & Marra, 2003;
nowden et al., 2004) and voices (Gainotti et al., 2003), and

dentification from touch (Coccia et al., 2004). The findings of
mpairment in odour identification provide further evidence that
D patients’ semantic disorder is multimodal.

In six of the SD patients there was documented evidence
f altered eating habits. All six had acquired food fads. One
ad attempted to eat inedible objects. It would be reasonable
o conclude that loss of olfactory knowledge as well as loss of
isual knowledge contributes to these dietary changes in SD. SD
atients also have orbitofrontal damage (Mummery, Patterson,
ise, Price, & Hodges, 1999; Rosen et al., 2002) and, as such,
e might have expected to find impaired odour discrimination

n this group. We cannot rule out subtle deficits in this aspect
f olfaction due to ceiling effects in control performance on
he discrimination task. However, the contrast with their poor
emantic performance on the smell battery indicates that: (a)
emantic memory impairment is the core underlying reason for

heir impaired smell recognition and (b) that this is consistent
ith the multimodal semantic impairment observed in all other
omains (Bozeat, Gregory et al., 2000; Coccia et al., 2004;
nowden et al., 1996, 2004).

r
e
c
d

ia 45 (2007) 1823–1831

.2. Olfaction in FTD

FTD patients showed no impairment on our simple assess-
ent of odour discrimination. By contrast, they were impaired

n odour naming and odour–picture matching, albeit to a much
esser extent than in SD patients. Involvement of the frontal
obes in odour processing is well documented. Data from nor-

al functional neuroimaging studies have provided evidence
or the involvement of the frontal lobes in odour processing
Royet et al., 1999; Zald & Pardo, 2000). Nevertheless, the pre-
ise basis for this involvement is open to question. Some authors
ave argued that the orbitofrontal cortex is important in olfac-
ory discrimination (Zatorre & Jones-Gotman, 1991) and we did
nd a correlation between odour discrimination and identifica-

ion. There is some evidence from both primates (Rolls, 2001)
nd humans (O’Doherty et al., 2000) that the orbitofrontal areas
re implicated in the judgement of pleasantness of odour and
aste and in the feeling of satiety, involved in eating behaviours.
lthough judgement of pleasantness was beyond the scope of

he present study it might be speculated that impaired judge-
ent might contribute to the indiscriminate eating (as opposed

o food fads) that are characteristic of FTD (Bathgate et al.,
001; Bozeat, Gregory et al., 2000; Ikeda et al., 2002; Miller
t al., 1995; Snowden et al., 1996, 2001) and reported in 9/11
atients of the present series.

Although the presence of mild semantic impairments might
ontribute to FTD odour identification impairments, in view of
he involvement of temporal neocortex, it is possible that there
re other contributory factors. The olfactory system is capa-
le of representing and discriminating many different odours
conomically, but is weak in analytic power. Thus, in humans,
iscrimination of odours is good whereas attribution of spe-
ific verbal labels is poor (Gloor, 1997). As identification of
dours is more difficult than identification of pictures or words,
t requires more active, executive control. In line with this pro-
osal, we found sizable correlations between the FTD patients’
dour identification performance and more general measures of
xecutive function.

.3. Olfaction in AD

The findings in AD are consistent with those of others, who
ave reported deficits in perceptual discrimination (see Liberini

Parola, 2001; Martzke et al., 1997; Mesholam et al., 1998
or review). Comprehensive background neuropsychological
ata have not always been provided. However, MMSE scores
Lehrner et al., 1997; McCaffrey et al., 2000; McShane et
l., 2001; Royet et al., 2001; Schiffman et al., 1990) suggest
hat these studies covered a wide range of disease severity.
n the present study, it is notable that the disorder of odour
erception occurred in the absence of detectable perceptual
eficits in the visual domain. Moreover, patients’ deficits were
argely confined to memory and MMSE scores fell within the

ange of 22–26, indicating relatively mild disease. The findings
mphasise that the olfactory disorder in AD is not merely a
orollary of widespread cognitive impairment and advanced
isease, but represents an early feature. This is consistent
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ith the finding of early pathological changes not only in
he hippocampal formation (Hyman, Van Hoesen, Damasio,

Barnes, 1984), but also in piriform (Reyes, Deems, &
uarez, 1993; Reyes et al., 1987) and entorhinal cortex (Kahn,
nderson, Miller, Wood, & Esiri, 1987). This supports the view

hat olfactory deficits are an early feature of AD (Kesslak et al.,
988; Knupfer & Spiegel, 1986; Koss et al., 1988; McCaffrey
t al., 2000; Morgan et al., 1995; Rezek, 1987) and olfactory
ests might contributory to early diagnosis.

Inevitably, perceptual deficits would have a secondary impact
n odour identification (Eslinger, Damasio, & Van Hoesen,
982), so are likely to contribute to the AD patients’ poor
dour identification scores. Although an additional identifica-
ion impairment cannot be excluded, it is noteworthy that AD
atients performed normally on a verbal-visual matching test,
ndicating an absence of severe or generalised semantic disorder.
t the same time, it has been demonstrated that AD also causes
rbitofrontal damage (Van Hoesen et al., 2000) and medial
rbitofrontal cortex receives inputs from the piriform cortex.
s noted above, numerous lesion and functional neuroimaging

tudies demonstrate the importance of this region in olfaction,
ncluding olfactory discrimination. A potential role of this region
annot than ruled out, therefore.

.4. Olfaction in CBD

The relatively mild problems of odour identification in CBD
ould support this notion of an executive component, since CBD
oes not involve the regions of the brain typically associated
ith olfaction. Nevertheless, CBD involves frontostriatal cir-

uits (Lang et al., 1994) and patients are mildly impaired on
xecutive tasks.

. Conclusions

The study highlights the distinction between perceptual
nd semantic levels of impairment in olfaction, associated

Odour–Picture Matching task

Odour Picture alternatives

1

a) English version
1 Bleach Lemonade
2 Coffee Razor
3 Mint “Polo” mints
4 Petrol Pasta
5 Almond Cake

6 After-shave Indian food R
7 Lemon Chocolates W
8 Dettol Tool box O
9 Vic Nose C

10 Cocoa Car Ir
11 Shoe polish Scotsman drinking A
12 Paint Icecream Le
13 Vinegar Shoes Sa
14 Orange Orange juice To
15 Curry Coffee C
ia 45 (2007) 1823–1831 1829

espectively with disorders that involve pyriform cortex (AD)
nd temporal cortex/amygdala (SD). The data from FTD and
BD data raise the possibility that executive impairments
ight also contribute to impaired performance on olfactory

ests.
Recognition of olfactory impairment is important, not

nly from a theoretical perspective, but also clinically.
mpaired odour perception and identification potentially exposes
atients to environmental hazards such as fire and gas and
ncreases patients’ risk of ingesting stale, inedible or poi-
onous substances. Olfaction should not longer be the neglected
ense.
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ppendix A

Odour Discrimination task

English version Italian version

1 Bleach After-shave Bleach After-shave
2 Coffee Cocoa Coffee Cocoa
3 Mint Mint Rosemary Rosemary
4 Petrol Petrol Petrol Petrol
5 Almond Coffee Almond Vinegar
6 After-shave Shoe polish After-shave Shoe polish
7 Lemon Lemon Lemon Lemon
8 Dettol Dettol Alcohol Alcohol
9 Vic Vic Levander Levander
0 Cocoa Almond Cocoa Almond
1 Shoe polish Bleach Shoe polish Bleach
2 Paint Paint Paint Paint
3 Vinegar Whisky Vinegar Onion
4 Orange Orange Orange Orange
5 Curry Curry Pepper Pepper
6 Whisky Vinegar Onion Vinegar

3 4

velope Salad Toilet
olo” mints Trunk Cup of coffee

hest of drawers Cup of coffee Cotton wool
ar Orange Wall
oes Grapes Car

azor Scotsman drinking Pipe
all Ski boot Lemonade
range Cotton wool Salad
ake Razor Garlic
on Chocolates Indian food

pple pie Nose Shoes
monade Wall Nose
lad “Polo” mints Sink
ilet Bike Chocolate

otton wool Indian food Corkscrew
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Odour Picture alternatives

1 2 3 4

16 Whisky Table Scotsman drinking Toilet Cake
b) Italian version

1 Bleach Lemonade Envelope Salad Toilet
2 Coffee Razor “Polo” mints Trunk Cup of coffee
3 Rosemary Roast potatoes Chest of drawers Cup of coffee Cotton wool
4 Petrol Pasta Car Orange Wall
5 Almond Cake Shoes Grapes Car
6 After-shave Icecream Razor Cup of coffee Pipe
7 Lemon Chocolates Wall Ski boot Lemonade
8 Alcohol Tool box Orange Cotton wool Salad
9 Lavender Chest of drawers Cake Razor Garlic

10 Cocoa Car Iron Chocolates Roast potatoes
11 Shoe polish Chest of drawers Roast chicken Chocolates Shoes
12 Paint Icecream Lemonade Wall Nose
13 Vinegar Shoes Salad “Polo” mints Sink
14 Orange Orange juice Toilet Bike Pasta
15 Pepper Coffee Cotton wool Roast chicken Corkscrew
16 Onion Table Pasta Toilet Cake

orrect responses are in bold. 1–4 correspond to locations on the page: 1 upper left; 2 upper right; 3 bottom left; 4 bottom right.
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