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Abstract

Background The association of Lewy bodies (LBs) with olfactory dysfunction was investigated in community-dwelling
elders without clinical Parkinson’s disease (PD) using the 12-item Brief Smell Identification Test (BSIT), a standard measure
of odor identification.

Methods 280 participants in the Rush Memory and Aging Project completed the BSIT annually. Lewy bodies were detected
in 13 brain regions by immunohistochemistry and were assigned to the Braak PD stages 1-6.

Results Of the 280 participants, 101 (36.1%) had LBs which were maximal in the olfactory bulb and tract (85.1%) and least
in Heschl’s cortex (21.8%). Due to the small number of cases in Braak PD stages 2, 3 and 5, the distribution of LBs in the
6 Braak PD stages was contracted into 3 main LB stages: (1) LBs in olfactory bulbs and dorsal motor nucleus of vagus, (2)
further extension of LBs to limbic and other brainstem regions and (3) additional extension of LBs to neocortical areas.
MMSE, global cognition and odor test scores were lower and frequency of dementia was higher at the time of the last valid
BSIT, in cases with LBs as compared to those without LBs. Linear regression analyses showed that LBs were associated
with impaired olfaction. However, on stratification of LBs into 3 stages, only the stage 3 cases were independently associ-
ated with impaired olfaction.

Conclusion Although LB pathology was detected in olfactory bulbs in the early stage of LB progression (stage 1), the strong-
est association of LBs with olfactory dysfunction was observed in the late pathological stage (stage 3) when LBs extended
to neocortical areas.
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Introduction

Olfactory dysfunction in the elderly develops with normal
aging [1, 2], and 6-16% of presumed healthy elderly are
affected [3]. A population-based study of elders reported a
prevalence of impaired olfaction of 24.5% with the preva-
lence increasing with age to 62.5% in 80-97 year olds [4].
Olfactory deficits are also a common early clinical finding
in many neurodegenerative diseases [5] with most atten-
tion being directed to sporadic Parkinson’s disease (PD),
dementia with Lewy bodies (DLB) [6-9], and Alzheimer’s
disease (AD) [9-13]. In sporadic PD, olfactory dysfunc-
tion is reported in approximately 96% of early-stage PD
preceding the onset of movement and cognitive dysfunc-
tion [6, 14, 15].

Pathological studies of the olfactory bulb and tract in
PD demonstrate phosphorylated a-synuclein immuno-
reactive neuronal intracytoplasmic Lewy bodies (LBs)
and dystrophic Lewy neurites [16—19]. Localization of
LB pathology in the olfactory bulb is also reported in a
majority of cases of DLB [20] and incidental LB disease
(ILBD) [16, 20-24] in which the clinical features of PD
are not present and which may represent the preclinical
form of PD [7, 25, 26]. Extension of LB pathology beyond
the olfactory bulb, in primary olfactory cortices including
the olfactory tubercle, the frontal and temporal piriform
cortices has also been reported in PD and ILBD [27]. The
presence of LBs in the secondary olfactory region (orbito-
frontal cortex) is reported to be associated with clinical
PD [28].

Several internationally recognized staging schemes are
available to assess the distribution of LBs in the cerebrum,
brainstem and olfactory bulbs. In sporadic PD, the Braak
6-stage scheme [16] proposes that LB pathology begins
in the anterior olfactory nucleus and dorsal IX/X motor
nucleus (IX/XMNuc) (stage 1) and additional involve-
ment of other medullary regions and midbrain occur in PD
stages 2—3 while additional involvement of medial tem-
poral structures (entorhinal cortex and amygdala) occur
in PD stage 4. Additional involvement of cortical neurons
occurs in the end stages of 5 and 6. Clinical symptoms of
PD are typically noted during stages 4-6 [16]. Another
staging system for classification of all LB disorders,
although different in details still proposes that olfactory
bulb involvement is early and in this staging scheme, the
highest stage (stage IV) shows involvement of the neo-
cortex similar to the Braak PD stages of 5 and 6 [21]. The
original Newcastle-McKeith criteria [29] for DLB were
revised to include an olfactory only and amygdala pre-
dominant stage, in addition to their original brainstem,
limbic and neocortical stages [30]. However, the clinical
significance of the presence of LBs in the olfactory system

remains uncertain since none of these postmortem studies
linked LBs with olfactory function as detected by a func-
tional test such as the University of Pennsylvania Smell
Identification Test (UPSIT) [31].

The link between the presence of LBs in the olfactory
system and decreased olfactory function was evident in 10
cases with a clinicopathologic diagnosis of sporadic PD
and 13 cases of ILBD, using UPSIT [7], though tissue sam-
pling in the latter cases was limited to the olfactory bulbs,
amygdala and the entorhinal cortex. A previous study by
our group [32] reported a strong association between LBs in
neocortical areas with olfactory dysfunction in elders with-
out PD using the Brief Smell Identification Test (BSIT).
However, in the latter study, the olfactory bulbs or dorsal IX/
XMNuc, 2 regions where LBs were reported to occur early,
were not evaluated.

Since olfactory system dysfunction has been reported to
be an early event in PD, our hypothesis was that in elders
without PD, LBs may occur early in the olfactory bulbs
and be associated with olfactory dysfunction. This hypoth-
esis was tested in community-dwelling elders in the Rush
Memory and Aging Project (MAP), in whom olfaction was
assessed with BSIT. At death, a detailed neuropathologic
examination was done which included detection of LBs in
13 brain regions allowing application of the Braak PD stag-
ing scheme.

Materials and methods
Participants

The analyses are based on older persons who participated
in MAP, a longitudinal clinical-pathological study that
involves uniform, annual, clinical evaluations and brain
donation at death [33]. This study was approved by the Insti-
tutional Review Board of Rush University Medical Center.
When MAP began in 1997, only 5 brain areas and substantia
nigra were assessed for LBs. Since 2013, a total of 13 areas
were assessed for LBs as described below. 280 consecutive
participants with this enhanced LB collection were included
in this study after excluding 8 cases with a clinical diagnosis
of PD. All participants completed the BSIT (see below),
had a mean age of 89.8 years (SD 6.1) at the time of the
last olfactory testing and completed a mean of 14.6 (SD
2.9) years of schooling. 75.7% were women and 97.5% were
white and non-Hispanic.

Odor identification
The Brief Smell Identification Test (BSIT) [34, 35] which

was derived from UPSIT assesses the ability to recognize
12 familiar odors. This test was administered as part of the
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baseline clinical evaluation and was subsequently added to
the annual follow-up evaluations. On each item, the partici-
pant was asked to match an odor with one of four choices.
The score for the test was the number of correct choices plus
0.25 assigned for each missing response to a maximum of 2
as described previously [13]. The odor test score was treated
as missing if more than 2 item responses were missing. BSIT
was administered over a mean period of 8.2 (SD 3.8) years
and the number of tests done in each participant varied from
1 to 7, however, the last BSIT was done a mean of 1.2 (SD
1.6) years prior to death and this score was used in analyses.
In previous research, the olfactory score was shown to cor-
relate with the 40-item UPSIT from which it was derived
[31] and to have adequate short-term temporal stability [34].

Clinical evaluation

The annual clinical evaluation of all participants included a
medical history, neurological examination and detailed cog-
nitive performance testing which was evaluated at baseline
and at each follow-up evaluation using a standardized bat-
tery of 19 cognitive performance tests (Table 1). The Mini-
Mental State Examination (MMSE) was used for descriptive
purposes and Complex Ideational material was only used
for diagnostic classification. The remaining 19 tests were
selected to assess 5 domains of cognitive function, including

episodic, semantic, and working memory, perceptual speed
and visuospatial ability. The z scores of the 19 tests were
averaged to compute the global cognitive function score as
described previously [36]. Scores were reviewed by a neu-
ropsychologist to diagnose cognitive impairment. Next, par-
ticipants were evaluated by a clinician who used all cognitive
and clinical data to classify cognitive function as previously
described [37]. After death, a board-certified neurologist,
blinded to autopsy data, reviewed all available cognitive and
clinical data to assign final clinical diagnoses and dementia
using the criteria of the joint working group of the National
Institute of Neurological and Communicative Disorders and
Stroke and the AD and Related Disorders Association [38].

Clinical evaluation also included a modified version of
the Unified Parkinson’s Disease Rating Scale which included
26-items to assess four parkinsonian signs (gait disturbance,
bradykinesia, rigidity and tremor) [39]. The scores of these
4 signs were averaged to provide a summary global parkin-
sonian score as described previously [39].

Neuropathological evaluation

After a mean postmortem interval of 9.5 (SD 8.0) h, neu-
ropathological evaluation was performed following a
standard protocol and blinded to all clinical data. Follow-
ing macroscopic examination of the brain, blocks were

Table 1 Neuropsychological

;i .. . Cognitive domains
test scores in cognitive domains

Neuropsychological tests

LB pathology

by Lewy body pathology Not present Present n=98 p value
n=179 mean, mean, SD
SD

Episodic memory Word list [—immediate 13.8 (6.1) 11.7 (7.3) 0.012
Word list [I—delayed 3.4 (2.8) 2.8 (2.9) 0.132

Word list IIl—recognition 8.0 (3.1) 6.9 (3.5) 0.009

East Boston story—immediate 7.6 (3.4) 5.9 (4.0) <0.001

East Boston story—delayed recall 6.5 (4.2) 4.9 (4.4) 0.002

Logical memory Ia 9.2(5.8) 6.9 (5.7) <0.001

Logical memory Ila 7.6 (6.0) 5354 <0.001

Semantic memory Boston naming 12.9 (2.6) 11.2 (4.5) <0.001
Category fluency 22.1(10.9) 19.6 (13.4) 0.115

Reading test NART 7.6 (2.6) 6.5 (3.3) 0.003

Working memory Digits forwards 7.1(2.6) 6.1 (3.1) 0.004
Digits backwards 49 2.4) 4.3 (2.6) 0.034

Digital ordering 6.0 (2.1) 4.9 2.7 0.002

Perceptual speed Symbol digit modalities 25.5(14.3) 19.8 (16.2) 0.003
Number comparison 18.0 (8.7) 15.6 (9.2) 0.034

Stroop—word reading 35.4 (15.0) 32.8 (15.4) 0.178

Stroop—color naming 11.3(7.3) 10.0 (7.9) 0.191

Visuospatial ability Line orientation 8.9 (3.7 8.1 (4.1) 0.113
Progressive matrices 10.0 (3.4) 9.3 (3.7) 0.084

p value derived from ¢ test
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taken from 13 regions to assign subjects to the 6 Braak
PD stages of LB distribution in brain [16]. Blocks taken
were the dorsal IX/XMNuc (medulla), the olfactory bulb
and tract, locus ceruleus (rostral pons), nucleus gigantocel-
lularis (pontomedullary junction), substantia nigra, pedun-
culopontine nucleus (caudal midbrain), amygdala, entorhi-
nal, midfrontal, midtemporal, inferior parietal, motor and
Heschl’s cortices as described previously [23]. Blocks
processed using standard techniques were embedded in
paraffin, and 6-pum sections stained with hematoxylin and
eosin were examined to ensure that the required anatomic
structures were included in the block.

AD pathology was assessed in five regions (midfrontal,
midtemporal, inferior parietal and entorhinal cortices and
CAL1 sector of the hippocampus) in sections stained by
the modified Bielschowsky silver stain. Manual counts of
neuritic and diffuse plaques and neurofibrillary tangles in
a 1-mm? area having the highest density of these structures
were used to create a summary measure of AD pathology
[40], for use in analyses.

A semiquantitative estimate of neuronal loss in the sub-
stantia nigra was obtained from hematoxylin—eosin-stained
hemisections (6 pum) of the midbrain at the level of the
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Fig.1 Lewy bodies and Lewy neurites, detected by a-synuclein
immunostaining are present in the olfactory bulbs (a), amygdala (b),
Heschl’s cortex (c), substantia nigra (d), locus ceruleus (e) and dor-
sal motor nucleus of the vagus nerve (dorsal IX/XM nucleus) (f). A
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exiting third nerve fibers. Results were graded as none,
mild, moderate and severe as described previously [41].

Immunohistochemical evaluation

Immunohistochemistry was done using a Leica-Bond Max
autostainer (Leica Microsystems Inc., New Buffalo, IL). Par-
affin sections (6 um) of the 13 regions were used to local-
ize LBs (Fig. 1) using an anti-phosphorylated a-synuclein
antibody (1:20,000, Wako Chem. USA, Richmond, VA) fol-
lowing antigen retrieval by heat-induced epitope retrieval
in citrate buffer (pH 6.0). The Bond™ Polymer Refine Red
Detection kit utilizing alkaline phosphatase with a Fast Red
chromogen was used. LBs in each region were recorded and
analyzed as dichotomous variables.

Statistical analyses

Clinical and pathological characteristics of participants with-
out LBs and those with LBs were compared using ANOVA
or Chi square. Correlation between the last valid smell
test and the MMSE scores or the global cognition scores
was tested using Pearson’s correlation coefficient. Linear
regression analyses were used to evaluate the association
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Lewy body in Heschl’s cortex (c) is shown at higher magnification
in the inset. (€) A neuron in the locus ceruleus shows 4 LBs (arrow-
head). a—f, scale bar=50 um, inset scale bar =20 pm
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of LBs in all 13 regions and separately LBs in the stages
1-3 (described below) with the last valid odor test score
as the outcome. Each stage was contrasted with the no LB
reference group. All models were controlled for age, gender
and education and the time from olfactory testing to death.
Sensitivity analyses were done to control for AD pathol-
ogy, substantia nigra neuronal loss, dementia at the time
of the last valid olfactory score as well as other potential
confounders including smoking, head injuries and vascular
risk factors such as hypertension and diabetes. All analyses
were performed using SAS software, version 9.3 of the SAS
system for Linux (SAS Institute, Cary, NC). Model assump-
tions were validated with graphic and analytic techniques to
check for possible nonlinearity and interactions. A threshold
of p<0.01 was used for statistical significance since multi-
ple models were used to test the hypothesis.

Results
Lewy body pathology

Lewy body pathology was in the form of a-synuclein posi-
tive spherical, neuronal cytoplasmic inclusions and neurite
positivity in the affected regions (Fig. 1). Single LBs were
smaller in cortical neurons, particularly those in Heschl’s
gyrus (Fig. 1c) as compared to those in brainstem nuclei
(Fig. 1d—f). However, brainstem nuclei occasionally showed
multiple small cytoplasmic LBs (Fig. 1e). Of the 280 par-
ticipants, 101 (36.1%) had LBs which were most frequent in
the olfactory bulbs and tracts (85.1%) and least (21.8%) in

Table 2 Frequency of Lewy bodies by region and stage in 280 subjects

Heschl’s cortex (Table 2). On assigning the 101 LB positive
cases to the Braak PD stages, most cases (n=42) were Braak
PD 6, followed by Braak PD 4 (n=34) and then Braak PD
1 (n=14). Since the Braak PD stages 2, 3 and 5 had fewer
cases their numbers being 2, 4 and 5, respectively, the six
Braak PD stages were contracted to three as follows: Stage 1
(olfactory and brainstem) corresponded to Braak PD stage 1
and included LBs in the olfactory bulb and tract and those in
the dorsal IX/XMNuc (Table 2). Stage 2 (limbic and brain-
stem) included LBs in Braak PD stages 2—4 while Stage
3 (neocortical) included LBs in Braak PD stages 5 and 6.
These revised stages were used in statistical analyses. The
frequency of cases in stages 1-3 was 13.9, 39.6 and 46.5%,
respectively. In all 3 stages, frequency of LBs was highest
in the olfactory bulb and tract (Table 2) while amygdala was
the next most common site of LBs. The frequency of LBs in
all regions was maximal in the stage 3 cases.

Clinical pathologic findings

The scores obtained using the 19 cognitive performance tests
in those with and without LBs are shown in Table 1. There
were no statistical differences in the age, sex and education
of participants with and without LBs (Table 3). At the time
of the last valid BSIT, frequency of no cognitive impair-
ment and mild cognitive impairment decreased while the
frequency of dementia was greater in those with LBs as
compared to those without LBs. The Pearson correlation
coefficients showed a moderate correlation between the last
valid BSIT score and the MMSE (r=0.35, p<0.001) and
global cognition scores (r=0.41, p <0.001). The MMSE

Brain and brainstem regions Regional frequency of LBs

Revised LB stages

No LBs LBsn, % (n=101) Stage [ Stage 2 Stage 3
(n=179) Olfactory and IX/ Limbic and brainstem  Neocortical
XMNuc (n=14), n, % (n=40), n, % (n=47)
n, %
Olfactory bulb and tract 0 86 (85.1) 10 (71.4) 33 (82.5) 43 (91.5)
Dorsal motor nucleus of vagus 0 53 (52.5) 7 (50.0) 9 (22.5) 37 (78.7)
Nucleus gigantocellularis 0 44 (43.6) 10 (25.0) 34 (72.3)
Locus ceruleus 0 38 (37.6) 9 (22.5) 29 (61.7)
Pedunculopontine nucleus 0 36 (35.6) 5(12.5) 31 (66.0)
Substantia nigra 0 59 (58.4) 18 (45.0) 41 (87.2)
Amygdala 0 74 (73.3) 30 (75.0) 44 (93.6)
Entorhinal cortex 0 71 (70.3) 27 (67.5) 44 (93.6)
Midtemporal cortex 0 42 (41.6) 42 (89.4)
Midfrontal cortex 0 29 (28.7) 29 (61.7)
Inferior parietal cortex 0 29 (28.7) 29 (61.7)
Motor cortex 0 32 (31.7) 32 (68.1)
Heschl’s cortex 0 22 (21.8) 22 (46.8)
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Table 3 Demographic, clinical and pathologic characteristics of 280 participants by LB stage

Characteristics LB pathology p value
Not present n=179 Stage 1 n=14 Stage 2 n=40 Stage 3 n=47

Age at death, y, mean (SD) 91.3(6.2) 89.5(6.4) 90.0 (6.2) 90.8 (6.0) 0.4947

Female, n (%) 139 (77.7) 10 (71.4) 30 (75.0) 33 (70.2) 0.731

Education, mean (SD) 14.5 (3.0) 152 (2.4) 14.3 (3.2) 14.9 (2.9) 0.647"

Odor test score?, mean (SD) 8.0(2.4) 6.8 (2.9) 7.3 2.7) 4.9 (2.8) <0.001

No cognitive impairment®, n (%) 75 (41.9) 4 (28.6) 13 (32.5) 11 (23.4) 0.032

Mild cognitive impairment®, n (%) 48 (26.8) 2 (14.3) 10 (25.0) 9(19.2)

Dementia®, n (%) 56 (31.3) 8 (57.1) 17 (42.5) 27 (57.5)

MMSE score?, mean (SD) 222 (8.5) 20.8 (6.9) 18.8 (11.3) 18.2 (10.2) 0.029°

Global cognition score?, mean (SD) —0.56 (0.9) - 1.0(0.9) —-091(1.3) —1.06 (1.2) 0.017°

Global parkinsonism summary score®, mean (SD) 14.1 (9.4) 13.5 (8.5) 12.3 (8.5) 15.1 (11.3) 0.748F

Substantia nigra neuronal loss (mild—severe), n (%) 56 (31.2) 3(21.4) 18 (45.0) 38 (80.9) <0.001

Alzheimer’s Disease (NIA-Reagan), n (%) 132 (73.7) 7 (50.0) 31 (77.5) 34 (72.3) 0.240

#Last valid odor test score
These values were obtained at the time of the last valid odor test
p value derived from ANOVAT or Chi square

and global cognition scores at the time of the last valid
BSIT were lower in cases with LBs (p=0.029 and 0.017,
respectively) compared to those without LBs. There was no
difference in the global parkinsonian summary score at the
time of the last valid BSIT in participants without and with
LBs (p=0.748). The frequency of nigral neuronal loss was
higher in those with LBs particularly stage 2 and 3 cases
compared to those without LBs. The frequency of a patho-
logic diagnosis of AD was similar in those without and with
LBs.

LBs and olfactory function

The mean odor test score at a mean of 1.19 (SD 1.6) years
prior to death, in those with LBs was 6.3 (SD 1.3) and 8.0
(SD 2.4) in those without LBs (p <0.001). In a linear regres-
sion model that controlled for demographics, and time from
olfactory testing to death, the presence of LBs was associ-
ated with a lower level of odor identification (Table 4, Model
A). This association persisted when a term for AD pathol-
ogy was added to the model (Table 4, Model B) and when
terms for both AD pathology and dementia were added to
the model (Table 4, Model C).

The mean last valid odor test score in the 3 LB stages was
6.8 (SD 2.9) in the stage 1 group, 7.3 (SD 2.7) in the stage
2 group and 4.9 (SD 2.8) in the stage 3 group (Table 3).
To determine whether the association of LBs with olfac-
tion differed between stages, analyses were repeated with
separate indicators for the 3 LB stages (Table 5). In a linear
regression model which controlled for demographics, stage
3 cases had a significantly lower level of odor identifica-
tion (Table 5, Model A). On addition of a term to control

Table 4 Relation of pathological measures and dementia to odor
identification in all regions studied in 280 participants

Model terms Estimate, SE, P value

Model A Model B Model C
LBs (all regions) —-2.85,052 -287,051 -2.56,0.50
<0.001 <0.001 <0.001
AD pathology —-0.94,026 —0.53,0.26
<0.001 0.044
Dementia at the time of —1.47,0.33
the last valid odor test <0.001

Odor identification scores estimated from separate linear regressions,
all adjusted for age at death, sex, and education. Cell entries are esti-
mate, standard error (SE), and probability value

for AD pathology (Table 5, Model B) and terms for both
AD pathology and nigral neuronal loss (Table 5, Model C),
LBs in stage 3 cases remained associated with a lower level
of odor identification. Cognitive impairment is known to
be associated with LBs [42, 43] and olfactory identifica-
tion [44]. Therefore, analyses were repeated to control for
the presence of dementia at the time of the last valid olfac-
tory score. In this model, stage 3 cases remained associated
with a lower level of odor identification (Table 5, Model D).
Additional linear regression models showed an association
between olfactory dysfunction as determined by the odor
identification test and global cognition and the domains of
episodic, semantic and working memory, perceptual speed
and visuospatial abilities (p <0.001).

No association was observed between the last valid
BSIT score and years of education (p=0.712), smoking
(p=0.426), head injury (p =0.394) or vascular risk factors
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Table 5 Relation of

. Model terms Estimate, SE, p value
pathological measures and
dementia to odor identification Model A Model B Model C Model D
in the three Lewy body stages
Stage 1* - 1.37,0.70 —1.37,0.69 — 1.40, 0.69 — 1.05, 0.68
Olfactory and IX/XMNuc 0.052 0.048 0.044 0.122
Stage 2% —0.96, 0.46 —0.81,0.46 —0.76, 0.46 —0.62,0.45
Limbic and brainstem 0.037 0.077 0.098 0.164
Stage 3% —2.94,0.44 —-2.9,043 —2.61,0.48 —2.43,047
neocortical <0.001 <0.001 <0.001 <0.001
AD pathology -0.83,0.25 —0.84,0.25 —0.50, 0.26
<0.001 <0.001 0.059
Substantia nigra neuronal loss —0.28,0.26 —0.16,0.26
0.277 0.537
Dementia at the time of the last —1.29,0.34
valid odor test <0.001

Odor identification scores estimated from separate linear regressions, all adjusted for age at death, sex, and
education. Cell entries are estimate, standard error (SE), and probability value. IX/XMNuc =motor nucleus

of vagus

“Represents contrasts with Stage 0 (no LBs)

(p=0.295) such as hypertension or diabetes in cases in any
of the LB stages.

Discussion

This clinical-pathological study of community-dwelling
older decedents without a clinical diagnosis of PD focuses
on the association of odor identification, a marker of olfac-
tory function, with LBs in 13 brain regions and LBs in 3
defined stages. LBs were detected early in the olfactory
bulbs (stage 1), and the presence of LBs in all the regions
studied was associated with impaired olfaction. However,
on stratification of LBs into 3 stages, and adjustment for
pathologic AD, dementia and nigral neuronal loss, only the
cases with additional LBs in neocortical areas (stage 3) were
independently associated with impaired olfaction.

In this study, 13 brain regions were sampled to assign
cases to the Braak PD LB stages. Although initial patho-
logical studies [17, 45] supported the Braak PD LB staging
system, subsequent studies [46—49] reported that up to 50%
of cases were unclassifiable using this staging scheme. Pro-
gression of LBs in the Braak PD LB staging scheme is par-
tially supported by an experimental study [50] in which pre-
formed a-synuclein fibrils were injected into one olfactory
bulb of wild-type mice and their propagation through the
brain was documented. At month 1, a-synuclein pathology
was found in the ipsilateral piriform and entorhinal cortices,
the cortical amygdaloid nucleus and ipsilateral and contralat-
eral anterior olfactory nuclei; at month 3, it was detected
in the hippocampus, basal amygdaloid nucleus, the insular,
entorhinal, and orbitofrontal cortices; at month 6, there was
further extension to the thalamus and hypothalamus while
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at month 12, there was extension to the associative neocor-
tex and occasionally brainstem nuclei. In this study, since
the Braak PD LB stages 2, 3 and 5 had only few cases, the
Braak PD stages were contracted to 3 LB stages. Stage 1
corresponded to the original Braak PD stage 1 with LBs in
the olfactory bulbs and dorsal IX/XMNuc. In stage 2, there
was further extension of LBs to limbic and brainstem sites
while in stage 3 there was further LB positivity in neocorti-
cal areas.

The widespread sampling for LBs resulted in a high fre-
quency of LBs, which in this study was 36.1% as compared
to a frequency of 12.9% [32] and 18% [42] in our previous
studies of community-dwelling elders in whom LB assess-
ment was limited to 6 regions. Frequency of LBs was high-
est in the olfactory bulb in all stages and the finding that
71% of stage 1 cases show olfactory bulb LBs supports the
hypothesis that LB formation occurs early in this region.
The latter finding is supported by other pathological stud-
ies which report early involvement of the olfactory bulbs in
PD, dementia with Lewy bodies [16, 20, 51] and incidental
LB disease [16, 20, 28]. The early appearance of LBs in the
olfactory bulbs is the basis of the hypothesis that environ-
mental insults might contribute to the initiation of protein
aggregation in the olfactory bulb, which then triggers the
spread of LB pathology by a templating mechanism in a
prion-like manner as demonstrated in experimental animals
[52]. Given the early appearance of LB pathology in the
olfactory bulbs, if in the future a test becomes available to
diagnose LBs in the olfactory bulb during life, one would
still be unable to predict the extent of LB disease in the
brain.

The olfactory system is complex with widespread con-
nections with ipsilateral and contralateral brain structures
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[53-55]. The first-order neurons (olfactory epithelium) in
the nasal cavity connect the olfactory bulbs (second-order
neurons) to the ipsilateral primary olfactory cortex (piriform
cortex, anterior cortical nucleus of the amygdala, the peri-
amygdaloid cortex and the anterior entorhinal cortex). The
primary olfactory cortex receives input from the brainstem
and midbrain nuclei and sends projections to the second-
ary olfactory region which encompasses the hippocampus,
hypothalamus, thalamus and orbitofrontal cortex. In this
study, the high frequency of LBs in stage 3 cases was not
only present in the olfactory bulbs but in components of
the primary olfactory system such as the entorhinal cortex,
amygdala, and brainstem nuclei.

In the present study, linear regression analyses showed
an association between LBs in all regions and olfactory
dysfunction, supporting our previous study [32] in which
this association was demonstrated using only 26 cases with
LBs. The present study differs from our previous study [32]
in several respects. The mean age of participants is about
5 years more, and the mean interval between olfactory test-
ing and death is approximately 2 years less than in the previ-
ous study. In addition, the modified Braak PD LB staging
system used in this study is a cumulative staging system
which differs from that used previously in which LBs were
grouped into 3 mutually exclusive categories of nigral, lim-
bic and neocortical. In the present study, after controlling for
pathologic AD, nigral neuronal loss and dementia, impaired
olfaction was only associated with stage 3 cases in whom
LBs extended to neocortical areas thus providing the strong-
est evidence to date that significant olfactory dysfunction
is mainly confined to the neocortical stage of LB disease.

In this study, there was positive correlation between the
last valid BSIT scores and the global cognition and MMSE
scores as observed previously [42, 43]. Further, linear
regression analyses showed an association between olfac-
tory dysfunction and global cognition and the domains of
episodic, semantic and working memory, perceptual speed
and visuospatial abilities. Olfactory dysfunction detected
by BSIT requires proficiency in executive functioning and
semantic memory for odor discrimination and identification
performance [54, 56]. Since this test employs brain functions
that are controlled by regions beyond the olfactory bulbs, it
is not surprising that olfactory dysfunction as detected by
the BSIT test is only significant when LB pathology extends
beyond the olfactory bulbs to involve the neocortex (stage 3).
This also implies that presence of LB pathology in the olfac-
tory bulbs alone is not sufficient for olfactory dysfunction.

Several risk factors have been associated with olfac-
tory dysfunction [57]. In this study, there was lack of
association between the last valid BSIT score and smok-
ing or head injury. Studies on the use of tobacco prod-
ucts on olfactory function are not conclusive showing an

association [4] or no effect [58]. Olfactory disorders have
been reported in 5-15% of cases with head injury [59,
60]. The former study reported that damage to the frontal
lobes and olfactory bulbs as shown in the brain magnetic
resonance images and hypoperfusion in the frontal, left
parietal, and left temporal lobes in the semiquantitative
single-photon emission computed tomography images cor-
responded to post-traumatic anosmia. In our studies, the
history of head injury with loss of consciousness was self-
reported. Possibly, the head injury was not severe enough
to cause olfactory bulb damage, therefore, no association
was observed between impaired olfaction and head injury.

The main effect of LBs whether toxic or protective to
cells harboring them remains uncertain. Under patho-
logical conditions, a-synuclein becomes misfolded and
aggregates into soluble oligomeric species and later forms
fibrils [61], which are the main component of LBs. Both
a-synuclein oligomers and fibrils have been shown to be
toxic in vitro and in vivo [62, 63]. Furthermore, preformed
fibrils of a-synuclein can induce the formation of intracel-
lular inclusions in vitro [64] and in vivo [65], the latter
leading to neurodegeneration with neurologic dysfunction
in experimental animals [65]. On the other hand, LBs may
be protective since they are produced by active processes
and in specific structures such as the insoluble protein
deposits or aggresomes, which under physiological con-
ditions, isolate harmful species from the cytoplasm [66].
Detailed evidence relating to the toxic and/or protective
effects of LBs is beyond the scope of this article and read-
ers are referred to reviews in the literature [61, 65-67].

Strengths of this study include the large numbers of
community-dwelling, elderly men and women who were
not demented when they enrolled in this study. There was a
high rate of clinical follow-up and odor identification was
assessed with a standard test. There was a high autopsy
rate and uniform postmortem examination with blinding
to clinical data thus minimizing important sources of error.
Since impaired odor identification is well documented in
AD [12, 13, 68], the linear regression models used in this
study controlled for AD pathology.

There are several limitations in this study. The find-
ings are based on a selected group of older decedents who
differ in education from the general population. Clinical
assessments were not performed by a movement disor-
ders specialist, therefore, the clinical diagnosis of PD may
be an underestimate. Since only one section per region
was analysed for the presence of LBs, cases with mild LB
pathology may have been missed, therefore, the percentage
of LB positive cases may be an underestimate. Since the
number of stage 1 cases is small, the lack of association
with impaired olfaction will have to be confirmed by a
larger number of cases.
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Conclusion

Although LB pathology was detected in olfactory bulbs
in the early stage of LB progression (stage 1), the strong-
est association of LBs with olfactory dysfunction was
observed in the late pathological stage (stage 3) when LBs
extended to neocortical areas.
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