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ABSTRACT

Background: It is proposed that �-synucleinopathy (AS) initially affects the medulla oblongata and
progresses to more rostral brain areas in a hierarchical sequence (“Braak hypothesis”). Predomi-
nant involvement of the amygdala is also described. This study examines the applicability of these
patterns, and their relationship to Alzheimer disease (AD) pathology, in brains of a population-
based donor cohort.

Methods: Brains donated in two of six Cognitive Function and Ageing Study cohorts (Cam-
bridgeshire and Nottingham) were examined. More than 80% were older than 80 years at death.
The respondents were evaluated prospectively in life for cognitive decline and dementia. Immuno-
cytochemistry for tau and �-synuclein was carried out in 208 brains to establish Braak stage and
the pattern and severity of AS.

Results: Seventy-six brains showed Lewy bodies. Half (51%) conformed to the Braak hypothesis
while 17% had pathology in a higher region which was absent in a lower region. A further 29%
showed amygdala-predominant pathology. Six brains showed predominant neocortical pathology
with minimal pathology in amygdala or substantia nigra. The stage of AD pathology was not asso-
ciated with particular patterns of AS.

Conclusion: �-Synucleinopathy (AS) is common in older people, and frequently associated with
Alzheimer disease–type pathology. Although half of brains corresponded to the Braak hypothesis,
and 29% to amygdala-predominant AS, there were a high proportion of cases which did not fit a
staging system. An unexpectedly high proportion with a cortical form of Lewy body disease was
identified. Neurology® 2008;70:1042–1048

GLOSSARY
AD � Alzheimer disease; AGECAT � Automated Geriatric Examination for Computer-Assisted Taxonomy; AS � �-synucle-
inopathy; CFAS � Cognitive Function and Ageing Study; DLB � dementia with Lewy bodies; LB � Lewy bodies; LN � Lewy
neurites; MMSE � Mini-Mental State Examination; PD � Parkinson disease; SN � substantia nigra.

Aggregated forms of �-synuclein in Lewy bodies (LB) and Lewy neurites (LN) are
thought to be pathologic hallmarks of Parkinson disease (PD) and dementia with LB
(DLB). Diagnostic protocols for the neuropathologic assessment of aging brains are
based on concepts related to the burden and anatomic distribution of these changes, in
the expectation that cases will be distinguished from unimpaired individuals1-3 despite
findings that such pathologies are also observed in normal elderly brain donors.4,5

The estimated prevalence of LB pathology in the older population varies from 2% to
61%, this variation mainly dependent on case selection and the method used for detecting
LB.4-9 Comparisons between such studies should account for whether the assessment was
restricted to LB or involved a more comprehensive survey of total �-synucleinopathy
(AS) by including LN and pale bodies. A population prevalence of LB, defined using
�-synuclein immunoreactivity, was reported in the Hisayama study where 22.5% of 102
autopsies had LB pathology.5 In a large sample from Finland, composed of four clinically
diverse cohorts, 9% of brains showed AS in the substantia nigra (SN) or basal forebrain
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nuclei9 by immunocytochemistry. Using
H-E alone, the population-based Medical
Research Council Cognitive Function and
Ageing Study (CFAS) reported a LB preva-
lence of 11% in 209 donated brains.4

PD, DLB, and PD with dementia are
thought to form a clinicopathologic spec-
trumofASwherein the clinicalmanifestation
of extrapyramidal symptoms, neuropsycho-
logical changes, or both depends on the ana-
tomic distribution and the load of AS.10,11

Because this regional distribution of LB, to-
gether with total load, are the likely corre-
lates of the functional effect of AS,
characterizing how the pathologic process
develops, where it first appears, and how it
progresses through the brain are key to un-
derstanding these disorders.

It is hypothesized that AS either starts in
the medulla (“Braak hypothesis”) progress-
ing to higher brain areas, or within the
amygdala when it is often associated with
AD.3,8,12-17 AS starting in the dorsal medulla
oblongata is postulated to progress to the
SN (associated with PD) and then to cere-
bral cortical areas (associated with DLB)
via caudal-to-rostral propagation in the
brain. AS starting in the amygdala associ-
ated with AD8,13,17 may show a rostro-
caudal spread to the entorhinal cortex and
midbrain/brainstem regions, or both, as
the diseases progresses. There is a third
pattern of staging postulated by Kosaka
and coworkers where AS concentrated in
cortical areas.18

Selection bias resulting from selection of
patients from primary, secondary, and ter-
tiary care, and the nature of the research
clinic (neurology, old age medicine, psychia-
try) can have profound effects on the results
of clinical or epidemiologic studies.19,20 AS as-
sociated with atypical patterns of anatomic
evolution may be more apparent in uns-
elected cohorts.

To address these issues, we have screened
for AS in an elderly population-based cohort
with a brain donation program.

METHODS MRC CFAS. MRC CFAS has been fully de-
scribed elsewhere.21 It is a longitudinal, prospective,
population-based cohort study undertaken in 6 UK centers

initiated in 1989. At each of five centers in England and
Wales (Cambridgeshire, Gwynedd, Newcastle upon Tyne,
Nottingham, and Oxford), random samples of about 2,500
people in their 65th year and over (with an 82% response
rate) agreed to a structured initial interview, which included
the Mini-Mental State Examination (MMSE)22 and Auto-
mated Geriatric Examination for Computer-Assisted Tax-
onomy (AGECAT) organicity items,23 both of which are
sensitive to dementia. Twenty percent were selected for an
assessment interview which included criteria for dementia
status and other psychiatric disorders. Sampling was
weighted to lower cognitive scores at screening but included
those above cutpoints across the range of cognitive scores.
This was repeated 2 years later including a 20% subsample
of those not previously assessed. Both prevalence and inci-
dence assessment groups were followed up regularly after
the first interview. In Liverpool, 5,200 people aged 65 years
and over were interviewed with follow-up interviews at 1 to
2, 3 to 4, and 5 to 6 years later.

MRC CFAS brain donor cohort. The brain donor pro-
gram was established in 1993. When a respondent was se-
lected for assessment interview the respondent, and family or
carers as appropriate, were approached by a trained liaison
officer to discuss the donation program. All procedures were
approved by a research ethics committee. The burden and
anatomic distribution of AS was investigated in all donations
before July 2003 from twoMRC CFAS centers (the Notting-
ham and Cambridgeshire cohorts, n � 208).

Postmortem procedure and anatomic sample. Patho-
logic examination of the brains was carried out using the
Consortium to Establish a Registry for Alzheimer’s Disease
protocol1 and they were assigned a Braak score for neurofi-
brillary tangles.2 At autopsy frozen samples of brain tissue
were removed for storage. The remainder of the brain was
fixed for standardized assessment of paraffin-embedded tis-
sues. For every brain at least one intact cerebral hemisphere,
and posterior fossa structures, were fixed in 10% buffered
formaldehyde. A hierarchical sampling strategy, based on
evaluation of the midbrain (SN), medulla (dorsal efferent nu-
cleus of the vagus nerve, medullary reticular formation), and
amygdala, was used to detect AS in this cohort. This was
based on the absence of reported cases with AS in which it
was absent from these screening areas, and reflects current
practice in many laboratories. If an �-synuclein immunore-
active profile was found in a screening area a further five
areas (cingulate gyrus, mesial temporal lobe, frontal cortex,
parietal cortex, and temporal cortex) were investigated,
comprising the 1996 DLB Consensus recommendations for
evaluation of AS.24

Immunocytochemistry for �-synuclein. Brain sections
(6 �m) were microwaved for antigen retrieval (10 mM citric
acid; pH 6) and immunostained with monoclonal
�-synuclein antibody (LB509, Zymed Laboratories Inc.; San
Francisco, CA) at a dilution of 1/200 incubated at 4 °C over-
night. The sections were incubated with biotinylated second-
ary antibody (1/250) for 1.5 hours at room temperature
followed by ABC Elite Mouse IgG reagents (Vector Labora-
tories, Burlingame, CA) for 1 hour. The reaction product
was visualized using Vector Nova Red (Vector Laboratories)
according to the manufacturer’s protocol. Sections were
counterstained with hematoxylin.
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Quantification of AS. AS was rated by a single investiga-
tor (J.Z.). The microscopic field with the highest density of
AS was identified and the number of AS-profiles was
counted at �200 magnification. Spherical densely stained
structures were counted as LB irrespective of their cellular
location. Elongated AS profiles were counted as LN. Cells
with diffuse staining were counted as pale bodies. The sever-
ity and type of AS was rated on a continuous scale based on
the maximum number of profiles included in a microscopic
field at �100 magnification (field diameter 2 mm). Two con-
secutive sections from each block were assessed and the
highest density score used for statistical analysis.

Respondents were categorized into three LB staining pat-
terns: LBneg showed absent LB in any brain areas (n � 93);
LBamyg showed LB in the amygdala but in not the medulla or
midbrain (n � 24); LBmid showed LB in both the medulla and
midbrain (n � 18) and represent those following the prototypi-
cal Braak hierarchy. Only 8 LBmid brains stained in the vagus
nucleus, SN, and in at least one of the cortical areas. This group
was too small to be useful in the analysis and reflects the lack of
case referral bias in the donor cohort. The groups LBneg,
LBamyg, and LBmid are mutually exclusive.

Inter- and intrarater validity testing. Consensus about
the interpretation of the appearances was initially estab-
lished jointly (P.I., J.Z.). Intra- and interrater reliability was
then assessed. Sixty sections, representing all areas and pat-
terns of �-synuclein staining, were randomly selected and
rescored. A sample of 46 sections were randomly chosen and
assessed by a second investigator (S.H.).

Statistical methods. MRC CFAS has released data at de-
fined points. Version 7.1 of the main MRC CFAS dataset
was used, including data on all individuals who died up to
end of December 2003. The neuropathology dataset is ver-
sion 3.3. Fisher exact tests were used to estimate the strength
of any association between two observations. The
Kolmogorov-Smirnov equality of distribution test (nonpara-
metric) was used to estimate the strength of any associations.
All p values are two sided. The kappa-statistic measure of
agreement was used to assess inter- and intrarater reliability,
scaled to be 0 when agreement is that expected by chance
and 1 when there is perfect agreement.

RESULTS Demographics of the study cohort. The
cohort used in this analysis is representative of all
brain donations to CFAS centers (table 1). It in-
cludes a wide range of age-related neuropathol-
ogy and a spectrum of clinical states including
dementia and normal cognition. The cohort con-
tains a high proportion of the oldest-old in whom
the burden of dementia and neurodegeneration is
highest.

Intra- and interrater validity. Intrarater reliability
for the assessment of AS was acceptable (kappa �
0.50). Kappa scores for inter-rater reliability re-
flected a moderate to very good agreement (0.42
� kappa � 0.81).

Overall frequency of �-synucleinopathy. LB were
present in at least one brain area in 81 of 208 cases
(39%). After adjusting for study design the esti-

mated LB prevalence in the general population
was 37% (95%CI 28 to 47%). LNwere present in
27% but there were no cases in which only LN
pathology was demonstrated, so that the LB fre-
quency equates with the overall AS. The burden
of AS in each brain area is shown in figure 1. In
this sample the amygdala shows LB pathology
most frequently (23%). The number of LB varied
widely between 1 and �50. The areas least likely
to be affected by LB were the cingulate, frontal

Table 1 Demographics of brain donors

All MRC CFAS*
(n � 451)

Cambridgeshire
and Nottingham
(n � 208)

Sex

Men 188 (41) 123 (59)

Women 268 (59) 85 (41)

Age at death, y

70–79 89 (19) 40 (19)

80–89 204 (45) 102 (49)

90–105 163 (35) 66 (32)

Education, y

�10 318 (69) 159 (76)

10� 138 (31) 49 (24)

Social class

Nonmanual 165 (36) 79 (38)

Manual 234 (51) 110 (53)

Unclassified/army 57 (13) 19 (9)

Dementia status†

Dementia 242 (53) 105 (50)

No dementia 184 (40) 83 (40)

Unknown‡ 30 (7) 20 (10)

*All Medical Research Council Cognitive Function and Ageing
Study donations until December 2003.
†Dementia status determined using Automated Geriatric Ex-
amination for Computer-Assisted Taxonomy organicity
scores, informants interview items, and death certificates.
‡Unknown dementia status based on prolonged time be-
tween the last interview and death (over 6 months) and in-
conclusive informant interview.

Figure 1 Proportion of brains showing
�-synucleinopathy in each brain area
(n � 208)
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and temporal cortices, and the hippocampus
(�3%). LN were absent outside of the three
screening areas.

AS, gender, and age at death. There was no associ-
ation between gender and LB (OR � 0.76; 95%
CI 0.40 to 1.46; p � 0.44) or LN (0.78; 95% CI
0.39 to 1.57; p � 0.51). There was no difference in
the proportion of men or women with AS profiles
in any brain area (data not shown). The effect of
age at death and gender on AS was examined con-
trolling for dementia (figure e-1 on the Neurolo-
gy® Web site at www.neurology.org). Numbers
of people with dementia in the 70 to 79 year age
group, and people without dementia at death
aged 90� years, were small. There was no associ-
ation between AS burden and age at death, even
when adjusting for gender and dementia status.

LB staining patterns. Three approaches were used
to look for evidence supporting the validity of the
Braak hypothesis, the DLB consensus staging pat-
terns, or amygdala-predominant cases in this co-
hort: 1) identification of brains which had AS in
only one brain area; 2) comparison and character-
ization of cohorts showing staining in more than
one area; 3) estimation of the likelihood of two
brain areas both showing LB profiles.

Table 2 shows brains in which AS was present
only in one area. The area most likely to show AS
alone was the amygdala (n � 21) so that these
cases comprise the majority of the LBamyg group.
Cases that conform to one of the hierarchical pat-
terns of AS were sought by separating the
LBamyg cases from the remainder (figure e-2).
When these are excluded there remain a group of
cases where the frequency of LB is higher in the
vagus nucleus than in the temporal/frontal/pari-
etal cortices but they comprise less than 20% of
the whole AS cohort. The amygdala-predominant

cases showed only limited evidence for hierarchic
spread of LB into the neocortex. Figure 2 allocates
brains with AS in various combinations of ana-
tomic distribution. Irrespective of dementia sta-
tus, and excluding brains with incomplete
datasets, 39 (51%) brains showing AS conform to
the consensus DLB staging scheme and the Braak
hierarchy and 22 (17%) conform to amygdala-
predominant disease. Of the remainder, 13 (17%)
have pathology in a higher region which is absent
at a lower region. These fall into two broad
groups. First, among those with cortical pathol-
ogy (limbic, neocortical, or both) but absent AS in
the midbrain or medulla (7 brains, 9%), there
were 6 showing predominant neocortical pathol-
ogy (8%) with very limited involvement (occa-
sional pale bodies, isolated LB, or a few LN) of
the amygdala or substantia nigra. Secondly, there
was a group of 6 brains (8%) in which LB were
not demonstrable in the limbic areas despite their
presence both in a neocortical area and in a brain-
stem/midbrain area.

LB patterns vs Braak NFT Alzheimer staging. The
amygdala-predominant pattern of pathology was
well represented in the cohort and has previously
been linked to sporadic AD.8 We compared the
AS staining pattern with the Braak score for neu-
rofibrillary tangles.2 We did not compare the data
with senile plaque density since these are found in
the common form of DLB at frequencies compa-
rable to those in AD. Figure 3 shows no associa-
tion between the AS staining patterns and Braak
stage. There is no evidence that increasing LB pa-
thology is associated with increasing neurofibril-
lary pathology for both the LBmid (53% Braak
stage III or higher) and LBamyg (61% Braak stage

Figure 2 Cases clustered into pattern of �-
synucleinopathy based on the
Dementia with Lewy Bodies (DLB)
Consensus categories or amygdala-
predominant cases (n � 192; 16
brains with incomplete data were
excluded)

Dark boxes show cases conforming to the 1996 DLB con-
sensus and Braak schemes for disease progression (n � 39).
Gray boxes show cases which do not conform to these
stages, usually because of absent pathology at an earlier
stage (n � 37).

Table 2 Number of brains showing Lewy bodies
(LB) per area

Area
LB only in
this area

Total with LB
in this area

Vagus nucleus* 9 41

Substantia nigra* 1 24

Amygdala* 21 45

Cingulate cortex 0 7

Entorhinal cortex 1 10

Hippocampus 0 4

Frontal cortex 1 6

Parietal cortex 1 12

Temporal cortex 2 6

*Screening areas.
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III or higher) groups and no evidence that this ef-
fect is more pronounced in the latter.

DISCUSSION We report the relative frequency
and anatomic distribution of AS in a cohort of
brains from older people donated from a
population-based study. In this cohort of CFAS
respondents 40% were non-demented at death
and 50% demented. AS was present in 39% of the
208 brains examined which represents an esti-
mated population prevalence of 37% (95% CI 28
to 47%). This estimate is at the higher end of the
range previously reported in the literature (2.2%
to 60.7%).5-9 The CFAS respondents are not re-
cruited on the basis of any interaction with health
or social care services or through self-referral.
Most previous work on AS in the elderly used
cases from nursing homes, acute medical units,
hospital patients, volunteer cohorts, or postmor-
tem case-control cohorts, all associated with vari-
ous selection biases.19,20 Such studies typically use
referrals selected by stringent criteria which over-
emphasize the differences between comparison
cohorts through factors such as a priori selection
and the exclusion of comorbidities. A previous
Japanese population-based study reported an AS
prevalence of 22.5% in a population which is eth-
nically different, and restricted to a single locality,
compared with the multicenter design of CFAS in
the United Kingdom.4 Other data on Alzheimer
and vascular pathologies in CFAS show a high
burden in older people but with no evidence for
clear thresholds related to cognitive decline, com-
pared to conventional case-control studies.4 The
present study also differs from most others in that
more than 75% of the cohort was aged 80 years�
at death, representing the oldest old. The rela-
tionship between AS and neurologic and neuro-
psychological outcomes will be reported
elsewhere but the CFAS data are in keeping with
studies suggesting a complex and poorly predic-
tive link between AS burden and clinical status.14

Few studies report the reliability and validity
of quantitative neuropathologic findings.25 Vali-
dation clarifies discrepancies of interpretation
leading to diagnostic disagreement and provides
information about factors leading to inaccurate
pathologic diagnosis.26 An average kappa score of
0.50 was calculated for both inter- and intrarater
reliability, which indicates that there was satisfac-
tory agreement. The kappa scores obtained in this
study for AS are similar to those reported in the
literature when comparing inter- and intrarater
variability of plaque and tangle assessments.26,27

The sensitivity of immunocytochemical methods
to demonstrate AS is the subject of ongoing re-
search. Different antibodies and antigen retrieval
protocols have demonstrated marked variations
in sensitivity. We compared three previously pub-
lished methods prior to this work (data not
shown) and adopted the method that was optimal
for the tissue available in this study. It is possible
that enhanced sensitivity might generate addi-
tional positive cases and affect the overall preva-
lence of AS. However it is unlikely that a different
protocol would alter the pattern of anatomic
spread of AS in individual cases.

Many studies report a selective vulnerability of
men for both PD and DLB.28-30 There is also gen-
eral agreement in the literature that LB prevalence
increases with age.31,32 In a population-based
study, age was a risk factor influencing the preva-
lence of LB pathology with increasing prevalence
of LB pathology between the eighth and tenth de-
cades.5 In our CFAS data, from a larger
population-based sample, there is no evidence for
an effect of either gender or age at death within
the whole brain, or within different brain areas.
These results for age at death did not change
when adjusted for gender and dementia status. A
key issue for studies which claim to find an asso-
ciation between burden of brain pathology and
age is the range of ages included in the sample.
There is no doubt that both Alzheimer-type pa-
thology and AS are age-related because they are
very limited below the age of 60 years. However
the concept that the frequency of AS increases
with age above the age of 70 years onwards re-
mains contentious and difficult to address in
cross-sectional autopsy studies.

Two staging systems, the DLB Consensus guide-
lines24,33 and the Braak hypothesis of LB staging in
PD,3 were developed in non-population-based
cohorts. The present study offers an opportunity
to test their generalizability in an unselected
population-based cohort. The 1996 DLB Consensus
guidelines were devised to standardize neuropatho-

Figure 3 �-Synucleinopathy pattern vs Braak
stage for neurofibrillary tangles
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logic assessment and result in the allocation of cases
to one of three groups (brainstem predominant, lim-
bic [transitional], neocortical) based on the burden
and anatomic locations of LB in five brain regions.24

The Third International Workshop on DLB revised
these neuropathologic criteria for assessing AS in
the brain based on LB and LN counts in 10 areas
including the amygdala24 but, based on the density
and location of the pathology, cases are assigned
into the same three categories. The Braak hypothe-
sis was derived from three groups of clinicopatho-
logically selected cases of patients with PD3,12-13 and
assigns cases into one of six stages. Neither of these
systems encapsulates the emerging consensus that
AS in a proportion of cases does not originate in the
medulla spreading into the cerebral hemispheres but
is amygdala-predominant ab initio.8,17

The present study shows that 80% of those with
AS conform to either a DLB Consensus/Braak type
pattern (51%) or to amygdala-predominant (29%)
disease. Amygdala-predominant pathology is there-
fore present at 60% of the frequency of a DLB Con-
sensus/Braak stage conforming pattern. The
remaining 20% do not fit into either system of AS
progression, a previously unreported group in the
population. This group contains both examples in
which pathology is absent in a regionwith an earlier
position in the proposed Braak hierarchy of disease
spread and a group (8%) in whom the pathology is
predominantly neocortical, with minimal amygdala
pathology and absent transentorhinal/cingulate pa-
thology. This second group corresponds to the pre-
viously reported cortical form of DLB.18,34 We
report another small group with neocortical in-
volvement but no pathology in limbic areas. We
conclude that, while the DLB Consensus and Braak
staging systems have most validity in the context of
cases presenting with clinically typical disease (DLB
and PD), they do not capture the full range of AS
demonstrable in an unselected population of old
people.

Results from CFAS and other postmortem
studies show that mixed pathologies, defined by
the presence of more than one pathology, are
present in over a third of examined brains.4,35 It is
well established that AD pathology, neuritic
plaques, and neurofibrillary tangles are often
observed in association with LB and LN
pathology.11,35-38 Ten to 30% of cases fulfilling
neuropathologic criteria for AD have cortical LB,
and 32 to 89% (depending on the criteria used to
define AD) of neuropathologically defined DLB
cases have concomitant Alzheimer changes.39 In
the Hisayama study about 60% of autopsy-

confirmed DLB cases presented with severe AD-
type pathology.5

The study confirms that AS frequently coexists
with AD-type pathology. However, our results
support earlier work suggesting that there is no
consistent hierarchy in the progression of these
two disease processes.37 There is also no evidence
for predominance of amygdala-predominant AS
over the prototypical DLB/Braak hierarchy in
terms of the pathogenesis of an association with
AD. This does not support the hypothesized link
between AS in the amygdala and AD pathology
proposed8,17 and can be explained by the fact that
the studies from which these hypotheses emerged
only included clinically referred cases.
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