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Abstract.
Background: Low cerebrospinal fluid (CSF) levels of A�42 may be the earliest manifestation of Alzheimer’s disease (AD).
Knowledge on how CSF A� interacts with different brain pathologies early in the disease process is limited. We examined
how CSF A� markers relate to brain atrophy and white matter lesions (WMLs) in octogenarians with and without dementia
to explore the earliest pathogenetic pathways of AD in the oldest old.
Objective: To study CSF amyloid biomarkers in relation to brain atrophy and WMLs in 85-year-olds with and without
dementia.
Methods: 53 octogenarians took part in neuropsychiatric examinations and underwent both a lumbar puncture and a brain
CT scan. CSF levels of A�42 and A�40 were examined in relation to cerebral atrophy and WMLs. Dementia was diagnosed.
Results: In 85-year-olds without dementia, lower levels of both CSF A�42 and CSF A�40 were associated with WMLs. CSF
A�42 also correlated with measures of central atrophy, but not with cortical atrophy. In participants with dementia, lower
CSF levels of A�42 were related to frontal, temporal, and parietal cortical atrophy but not to WMLs.
Conclusions: Our findings may suggest that there is an interrelationship between A� and subcortical WMLs in older persons
without dementia. After onset of dementia, low CSF A�42, probably representing amyloid deposition in plaques, is associated
with cortical atrophy. WMLs may be an earlier manifestation of A� deposition than cortical degeneration.

Keywords: Alzheimer’s disease, amyloid-�, biomarkers, cerebrospinal fluid, computerized tomography, dementia, epidemi-
ological methods, population-based, vascular dementia, white matter lesions

INTRODUCTION

Alzheimer’s disease (AD), alone or in combina-
tion with other brain disorders, is the most common
cause of dementia in old age. AD is characterized by
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synaptic and neuronal degeneration and the presence
of extensive amounts of plaques and tangles in corti-
cal brain regions [1]. A central finding in AD is the
deposition of amyloid-� (A�) in the brain, especially
in the core of the plaques and in the microvessels [2].
According to the “amyloid cascade hypothesis”, A�
oligomerization with subsequent deposition of the
peptide in plaques start a cascade of events that results
in neuronal and synaptic degeneration and dementia
[3–6].
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Biomarkers are valuable tools to study the tempo-
ral evolution of the central pathogenetic processes in
AD [5, 7]. Low levels of cerebrospinal fluid (CSF)
A�42 reflect cortical A� deposition [8, 9], which is
supported by the finding that it is related to high
cortical retention of the positron-emission tomogra-
phy (PET) tracer Pittsburgh Compound B (PIB) that
binds fibrillar A� [10–12]. Low CSF A�42 levels
are also strongly associated with AD with dementia
and incipient AD in MCI [7], as well as with future
cognitive impairment in asymptomatic individuals
[13–17].

Brain atrophy on magnetic resonance imaging
(MRI) or computerized tomography (CT) of the brain
reflects neurodegenerative processes [5, 18, 19]. The
earliest changes in the evolution of A� deposits in
AD are thought to occur in the neocortex and from
there spread to allocortical regions, brainstem, and
finally to the cerebellum [20].

The temporal sequence in the pathophysiologi-
cal processes of AD has received increased interest
recently. As suggested by Jack and co-workers
[4, 5], it is supposed that the initiating event is abnor-
mal processing of A�, reflected by changes in CSF
A� [4, 21], which occurs many years before symp-
toms of cognitive disturbances [22]. The second event
is related to tau-mediated injury and dysfunction, and
the third to neurodegeneration of brain structures, i.e.,
cerebral atrophy ([4, 5, 23]). Cognitive symptoms are
supposed to relate closely to the evolution of neu-
ronal degeneration [5]. The hypothetical model of the
pathophysiological process was intended to model
pure AD [5]. However, in late-onset AD, especially
in cases with very late onset, there is a high prevalence
of co-existing pathological processes [4]. One impor-
tant type of concomitant pathology is ischemic white
matter lesions (WMLs), which are frequent both in
clinical and autopsied AD cases, as well as in normal
elderly [24–26]. WMLs have been shown to aggra-
vate clinical symptoms of AD [27]. These changes
are associated with lipohyalinosis causing narrow-
ing of the lumen of the small perforating arteries
and arterioles that nourish the deep white matter. The
underlying cause of WMLs is not established, but the
main hypothesis is that they are due to long-standing
hypertension that cause lipohyalinosis and thicken-
ing of the vessel walls [28], which leads to ischemia
in vulnerable areas. Animal experiments have shown
that brain ischemia also may cause an acute increase
in A� secretion through induced BACE1 pro-
tein expression, with accumulation of oligomeric
A� in the hippocampus [29–31]. Furthermore,

neuropathological studies in patients who died after
acute stroke or after resuscitation from cardiac arrest
have shown a marked increase in A� expression in
hippocampus together with a marked increase in non-
fibrillar A� plaques in cortex [32, 33]. Thus, ischemia
may trigger A� deposition and plaque formation. In
addition, a study on normal elderly individuals with-
out dementia but with extensive AD neuropathology
suggested that WMLs precede the cortical atrophy
in the evolution of AD pathology [25]. WMLs have
also been related to deposition of A� in the ves-
sels [34], further suggesting that interactions between
A� and WMLs may occur early in the disease pro-
cess. We aimed to examine the relationship between
amyloid metabolism (measured by CSF A�), stage
of neuronal degeneration (measured as atrophy on
CT), and small vessel disease (measured as WMLs
on CT) in very old persons from a population-based
sample of 85-year-olds with and without dementia,
to provide further knowledge about the relation-
ship between these pathogenetic markers in older
persons.

STUDY POPULATION AND METHODS

Study population

A representative sample of 85-year-olds and reg-
istered for census purposes in Gothenburg, was
invited to take part in a health survey. Both peo-
ple living in the community and those in institutions
were included. A neuropsychiatric examination was
performed on a systematic sub-sample (n = 494,
response rate 63%). The sample has been described
in detail previously [35].

The first 165 individuals were invited to undergo
a lumbar puncture. Sixty-nine (31 with dementia
and 38 without dementia) accepted. Of these, five
individuals were excluded due to technical reasons
and another two due to hemorrhagic spinal taps,
leaving 62 individuals (27 with dementia and 35 with-
out, 40 women and 22 men) for the present study.
AD was diagnosed in 12 individuals (four men and
eight women), vascular dementia (VaD) in 13 (two
men and 11 women) and other types of dementia
in two individuals (one man and one woman). All
had onset of dementia after age 65 years. The cohort
that underwent lumbar puncture has been described
in detail previously [13]. All 85-year-olds with a lum-
bar puncture were invited to undergo a CT scan of the
head. Fifty-three accepted both examinations: 23 with
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Table 1
Demographics and CSF biomarker levels in a population sample of 85-year-olds with and without dementia

Characteristic Without With p-value1 Alzheimer’s Vascular p-value2

Dementia Dementia dementia dementia
(n = 30) (n = 23) (n = 9) (n = 12)

No. (%)
Women 16 (53.3) 17 (73.9) p = 0.16 6 (66.7) 10 (83.3) p = 0.61
Current/Ex-smokers 18 (60.0) 6 (33.4) p = 0.14 2 (28.6) 2 (22.2) p = 1.0
Living in care 0 (0) 16 (69.6) p < 0.00 6 (66.6) 9 (75.0) p = 1.0
Stroke 4 (13.3) 9 (39.1) p = 0.05 0 9 (75) p = 0.001

Mean (SD)
CSF A�42 632 (280) 420 (200) p < 0.01 381 (161) 431 (198) p = 0.55
CSF A�40 1975 (684) 1393 (438) p < 0.001 1225 (408) 1530 (414) p = 0.11
Mean age at interview 85.4 (0.14) 85.5 (0.18) p < 0.05 85.1 (0.86) 85.1 (27.5) p = 0.35
Systolic blood pressure 163.5 (30.1) 146.1 (24.9) p = 0.05 145.6 (21.7) 148.2 (28.5) p = 0.82
MMSE 28.3 (1.5) 12.6 (8.9) p < 0.0001 11.7 (9.5) 13.5 (8.2) p = 0.66

No. (%)
Frontal atrophy severe 12 (40.0) 15 (65.2) p = 0.15 6 (66.7) 7 (58.3) p = 1.0
Temporal atrophy 14 (60.9) 6 (20.0) p < 0.01 7 (77.8) 6 (50.0) p = 0.37
Parietal atrophy 11 (36.7) 14 (60.9) p = 0.08 4 (44.4) 9 (75.0) p = 0.20
Occipital atrophy 4 (17.4) 6 (20.0) p = 0.92 2 (22.2) 2 (16.7) p = 1.0
White matter lesions severe 3 (10) 7 (30.4) p < 0.01 7 (77.78) 8 (66.7) p = 0.66

Values are given as number (percent) or mean (standard deviation). CSF biomarker levels are given as pg/mL. In the statistical analyses,
Fisher’s exact test was used for discrete variables and Student’s t-test for continuous variables. 1Test between participants with dementia
and participants without. 2Test between participants with Vascular dementia and participants with Alzheimer’s dementia. CSF, cerebrospinal
fluid; MMSE, Mini-Mental State Examination.

dementia [AD was diagnosed in 9 individuals (3 men
and 6 women), 12 with VaD (2 men and 10 women),
and 2 with other types of dementia (one man and one
woman)] and 30 without dementia. The demographic
of this sample is given in Table 1. Mean age of onset
of dementia in the 23 participants with dementia was
79.8 (SD 4.12) years (13 were diagnosed with demen-
tia between 80 and 85 years, 8 between 75 and 80
years and 2 persons before age 75).

Follow-up data on this sample has been published
previously [13]. During the following 3 years (age
85-88), 7 of the 35 85-year-olds without dementia
developed dementia, while 28 remained dementia-
free.

The study was approved by the Ethics Commit-
tee at the University of Gothenburg. All subjects (or
their closest relatives) gave their informed consent to
participate in the study.

General examinations

The examinations included medical history and
physical examinations performed by a geriatri-
cian, neuropsychiatric examinations and a telephone
interview with a close informant performed by a
psychiatrist, an electrocardiogram, a chest X-ray, a
battery of blood tests, CT of the brain, and a lum-
bar puncture [35]. All clinical examinations were
made without knowledge of the brain imaging and
biochemical results and vice versa.

CSF sampling and analysis

Lumbar punctures were performed in the morning,
under standardized conditions, through the L3/L4 or
L4/L5 interspace. The first 12 ml of CSF was col-
lected in polypropylene tubes and gently mixed to
avoid possible gradient effects. CSF samples with
more than 500 erythrocytes per �L were excluded.

CSF A�42 was determined using a sandwich
ELISA which is based on the 3D6 and 21F12 mono-
clonal antibodies, making it specific for A� 1-42, as
previously described [36]. CSF A�40 was determined
using an in-house research sandwich ELISA in which
an A�40-specific polyclonal antibody (Quality Con-
trol Biochemicals, Hopkinton, MA, USA) was used
as capturing antibody, and an N-terminal specific
monoclonal antibody (3D6) was used as detecting
antibody. High performance liquid chromatography
purified A�40 (Bachem, Bubendorf, Switzerland),
was used as standard. CSF samples were analyzed
in duplicates. Details of the ELISA characteristics,
including intra- and inter-day variability have been
presented in detail [37].

Computerized tomography evaluations

All CT scans were performed without contrast
enhancement and the CT scans were examined by
two experienced radiologists, who were blinded to
the clinical and CSF results [26].
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The occipital, parietal, frontal, and temporal lobes
were categorized using a four-point scale (normal,
mild, moderate and severe) according to the estimated
extent of brain atrophy [18]. The rating procedure was
carried out separately for the cortical and ventricular
studies.

The following linear distances were determined
using a transparent metric ruler as described by de
Leon and co-workers [18]: (a) the bifrontal span of
the lateral ventricle; (b) the width of the lateral ven-
tricles at the head of the caudate nucleus; (c) the sum
of the separate widths of the left and right Sylvian
fissures; (d) the minimal width of the bodies of the
lateral ventricles at the waist, and (e) the width of
the third ventricle. Ratios were determined by divid-
ing the obtained values by the width of the brain
at the level of the measurement, giving the follow-
ing ratios: (a) bifrontal ratio, (b) bicaudate ratio, (c)
Sylvian fissure ratio, (d) cella media ratio.

WMLs were defined as low-density areas in
periventricular or subcortical white matter. The
changes were always diffusely distributed within the
white matter. Decreased density was subjectively
rated as no, mild, moderate, or severe in relation to
the attenuation of normal white matter [26, 38]. In
cases of disagreement a consensus conference was
performed.

Diagnostic methods

Dementia and its severity were diagnosed accord-
ing to the DSM-III-R criteria, using information from
the psychiatric examination and the close informant
interview, as described previously [35]. Subjects with
dementia were classified into diagnostic subgroups:
AD according to the NINCDS-ADRDA criteria [39]
and VaD according to the possible NINDS-AIREN
criteria [40]. In the diagnostic classification, infor-
mation from the psychiatric examinations, close
informant interview, laboratory tests, ECG, and case
records were used [35].

Statistical analyses

Fisher’s exact test and independent t-test were
used to test the hypothesis of no differences between
the groups. Pitman’s permutation test was used to
test correlations (r) between CSF A� and CT vari-
ables (atrophy, WMLs), adjusted for the presence of
dementia. Before stratification by dementia status, we
tested if there was an interaction with dementia status,
i.e., if the strength of correlations between CSF A�

and CT measures (atrophy, WMLs) differed between
85-year-olds with and without dementia. Interac-
tions were calculated with a permutation test as both
groups were relatively small, and as the variables
were not normally distributed. In cases of interactions
p < 0.20, we stratified analyses by dementia status.
Results were retested with robust regression by using
STATA procedure “regress” with the parameter vce
(robust). p-values<0.05 (two-sided) were regarded as
statistically significant.

RESULTS

Description of the sample is presented in Table 1

Table 2 gives the correlations between CSF A�42
and CT measures of brain atrophy and WMLs in
the total group. Lower CSF A�42 levels correlated
with higher degree of temporal atrophy, bifrontal
ratio, bicaudate ratio, and third ventricular width.
There were interaction effects with dementia status
for the associations between CSF A�42 and frontal,
temporal, and parietal atrophy, and WMLs. Analy-
ses of these CT measures were therefore stratified
by dementia status in further analyses. In the strati-
fied analyses (Tables 3 and 4), lower CSF A�42 was
related to severity of WMLs in the group without
dementia, but not in the group with dementia. In con-
trast, lower CSF A�42 levels were related to more
severe frontal and temporal lobe atrophy in the group
with dementia, while no such associations were found
in the group without dementia.

Table 2 also gives the correlations between CSF
A�40 and CT measures of brain atrophy and WMLs
in the total group. Lower CSF A�40 was related to
higher bifrontal ratio, sella media ratio, and sever-
ity of WMLs. There were interactions with dementia
status for the associations between CSF A�40 and
frontal atrophy and WMLs. Analyses of these CT
measures were therefore stratified by dementia sta-
tus in further analyses. In these analyses, lower CSF
A�40 was related to severity of WMLs in the group
without dementia, but not in those with dementia
(Table 3). The main results were unchanged using
a robust regression analysis.

DISCUSSION

We examined biomarkers for A� metabolism,
neuronal degeneration, and WMLs in 85-year-olds
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Table 2
Cerebrospinal fluid A�40 and A�42 in relation to measures of cerebral atrophy and white matter lesions in a population sample of 85-year-olds

(n = 53). Pooled correlation coefficient adjusted for dementia

A�42 A�40 A�42/40

Correlation ra Interaction Correlation ra Interaction Correlation ra Interaction
with dementia with dementia with dementia

p value p value p value

Cortical atrophy
Frontal –0.10 0.02 –0.05 0.11 –0.21 0.51
Temporal –0.31b 0.03 –0.26 0.26 –0.26 0.27
Parietal –0.27 0.11 –0.11 0.75 –0.37c 0.43
Occipital –0.12 0.89 –0.09 0.68 –0.01 0.53

Central atrophy
Bifrontal ratio –0.41c 0.47 –0.41c 0.41 –0.19 0.57
Bicaudate ratio –0.28b 0.97 –0.23 0.80 –0.12 0.17
Third ventricle width –0.30b 0.73 –0.25 0.66 –0.18 0.40
Sylvian fissure ratio –0.03 0.99 –0.04 0.15 –0.10 0.52
Sella media ratio –0.25 0.44 –0.30b 0.49 –0.08 0.35

White Matter Lesions –0.22 0.10 –0.31b 0.17 0.05 0.63
aPitman’s permutation test was used to test correlations (r) adjusted for dementia status, 30 participants without dementia diagnosis and 23
with a dementia diagnosis. bp < 0.05. cp < 0.01.

Table 3
Stratified analyses in those correlations between brain atrophy/white matter lesions and CSF A� where interaction effect by dementia status

had a p-value of < 0.20 and the correlation was significantly not equal in any subgroup

CSF A�42 CSF A�40 CSF A�42/A�40

Without With Test of Without With Test of Without With Test of
Dementia Dementia Interaction* Dementia Dementia Interaction* Dementia Dementia Interaction*
(n = 29) (n = 22) (n = 29) (n = 22) (n = 29) (n = 22)

Cortical atrophy
Frontal 0.12 –0.52b p = 0.02 0.11 –0.37 p = 0.11
Temporal –0.15 –0.70d p = 0.03 p = 0.26
Parietal –0.13 –0.59c p = 0.11 p = 0.75

Central atrophy
Bicaudate ratio 0.10 –0.25 p = 0.234

White Matter Lesions –0.39b 0.03 p = 0.10 –0.46b –0.08 p = 0.17

∗Significance of interaction evaluated by a permutation test. bp < 0.05. cp < 0.01. dp < 0.001.

Table 4
Stratified analyses between brain atrophy/white matter lesions and CSF A� according to Alzheimer’s dementia and vascular dementia status

CSF A�42 CSF A�40 CSF A�42/A�40

Alzheimer’s Vascular Test of Alzheimer’s Vascular Test of Alzheimer’s Vascular Test of
Dementia Dementia Interaction* Dementia Dementia Interaction* Dementia Dementia Interaction*

(n = 9) (n = 12) (n = 9) (n = 12) (n = 9) (n = 12)

Cortical atrophy
Frontal –0.61 –0.67b p = 0.84 –0.74b –0.15 p = 0.14 –0.11 –0.47 p = 0.44
Temporal –0.61 –0.67b p = 0.83 –0.54 –0.23 p = 0.49 –0.35 –0.51 p = 0.71
Parietal –0.48 –0.70b p = 0.49 –0.35 –0.13 p = 0.65 –0.29 –0.64b p = 0.37

White Matter Lesions –0.016 0.13 p = 0.82 0.23 –0.18 p = 0.43 –0.22 0.27 p = 0.39

∗Significance of interaction evaluated by a permutation test. bp < 0.05. cp < 0.01. dp < 0.001.

with and without dementia to learn more about the
early pathogenetic processes in very late-life sporadic
dementia. Lower CSF levels of A�42 are supposed to
be the earliest event in the evolution of AD, occur-
ring approximately 15–20 years before brain atrophy
and clinical symptoms [5]. We found that lower CSF
levels of A�42 and A�40 were related to WMLs in

85-year-olds without dementia, and A�42 to degree
of frontal, parietal, and temporal cortical brain atro-
phy in those with dementia. This may indicate that
disturbed metabolism of A� is related to cerebrovas-
cular disease, such as WMLs, in the very early phases
of the disease, and to the stage of neuronal degener-
ation, as measured by brain atrophy on CT, only in
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the later disease stages with manifest dementia. The
latter is in line with the hypothesis of Jack et al. [5],
that symptoms of dementia do not occur until the start
of neurodegeneration.

Lower CSF levels of both A�42 and A�40 corre-
lated with severity of WMLs in individuals without
dementia, but not in those with dementia. Amyloid
PET studies show a correlation between cortical amy-
loid load and CSF A�42, but no relation with CSF
A�40 [14, 41, 42]. Thus, the correlation between low
CSF levels of both A�40 and A�42 and WMLs sug-
gest that our finding might reflect a disturbance in A�
metabolism or clearance rather than amyloid depo-
sition in plaques. Indeed, neuropathological studies
have reported that the periventricular white-matter in
individuals without dementia and with WMLs con-
tain deposits of A�, while the white matter in those
without WMLs does not [43]. Other studies also
report increased quantities of parenchymal A� in AD
white matter [44, 45], strengthening the hypothesis
that WMLs may be connected to the amyloidogenic
process early in AD. There are also data supporting
a relation between A� and WMLs in preclinical AD.
One neuropathology study on individuals without
dementia but with extensive neurofibrillary tangles
and plaques in the cerebral cortex suggested that
WMLs precede the cortical atrophy in AD [25]. Fur-
ther support for our findings comes from a recent
clinical study reporting that white matter hyperinten-
sities on MRI were related to lower CSF levels of
A�42 in controls and in individuals with VAD, but not
in individuals with manifest AD dementia [46]. Also
other studies suggest that WMLs may cause or pre-
cede brain atrophy [47]. WMLs have previously been
related to AD in both clinical and autopsy studies
[24–26]. These data, together with our findings that
CSF measures of A� neuropathology are associated
with WMLs in 85-year-olds without dementia and
with cortical atrophy among individuals with demen-
tia, suggest that there is an interrelationship between
A� and WMLs in those without dementia. The tim-
ing of the event is uncertain, but WMLs may be an
even earlier manifestation than cortical neurodegen-
eration. However, this finding needs to be further
elucidated using the more sensitive MRI technique in
a larger sample. It must be emphasized that in octo-
genarians it may be hard to disentangle age-related
pathology, preclinical dementia pathology and
co-morbidities.

In line with our study, van Westen et al. [48]
reported that lower A�40 was related to WMLs in
non-demented persons. However, in contrast to our

findings, they found that WMLs were only associated
with lower CSF A�42 in AD dementia, and not in the
cognitively healthy. One reason for the latter may be
that study participants in that study were younger.

The association between CSF A�42 and A�40,
and WMLs in individuals without dementia should
also be seen in light of the hypothesis that vascular
factors may be involved in the pathogenesis of AD
[49]. The metabolism of A�PP and generation of A�
may be affected by intracerebral small-vessel arte-
riolosclerosis [50], which may cause hypoperfusion
and ischemia [51] that may further exacerbate A�
oligomerization and deposition [52]. This hypothesis
is supported by both experimental animal studies and
human post-mortem studies suggesting that ischemia
may cause an upregulation of A� production with
subsequent accumulation and oligomerization of A�
and formation of non-fibrillar plaques [29, 30, 33].
The vessel changes related to WMLs may also lead
to disturbance in clearance of A� from the brain,
leading to lower levels of CSF A�. High blood
pressure has been reported to precede AD onset
by 10–15 years [53]. Hypertension is also a risk
factor for WMLs [54]. Furthermore, middle-aged
hypertensive individuals without dementia have an
increased amount of senile plaques in their brains
[55], which should translate into lower CSF A�42
values [8, 9]. Recently, a PET study in individuals
free from dementia and aged 83 years and above
reported that arterial stiffness was associated with
progressive deposition of A� in the brain [56]. The
direction of the association is not clear. These find-
ings, as well as those in the present study, may either
reflect that similar mechanisms may be involved in
the pathogenesis of both disorders or that vascu-
lar diseases may exacerbate the AD process, by for
instance inducing blood-brain barrier dysfunction,
oxidative stress and ischemia [51, 52, 57]. Finally,
recent studies suggest that WMLs may influence the
expression and/or processing of A�PP, which may
cause a downstream reduction in the levels of A�42
and A�40, not related to deposition of the peptides in
the brain parenchyma [58, 59]. Whether this change
contributes to neurodegeneration is unclear.

The cortical atrophy in AD is due to neuronal
and synaptic degeneration and loss. In the present
study, the strongest correlation between atrophy and
lower CSF A�42 was found for the temporal lobe,
which is in line with studies reporting a relation
between CSF A�42 and temporal lobe atrophy visu-
alized on MRI [60–62]. We could not find any
correlation between CSF A�42 and cortical atrophy in
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85-year-olds without dementia, despite that CSF
A�42 levels were lower in cognitively healthy indi-
viduals who later developed dementia in this sample
[13, 15] and in women who developed cognitive
impairment in another of our population samples
[15]. These findings support the hypothesis that a
disturbance in brain A� metabolism occurs before
cortical neuronal degeneration in AD [4, 6]. Further-
more, a PET study found that A� burden was not
associated with brain atrophy measured over 10 years
in elderly individuals without dementia, indicating
that A� load has not yet affected brain volume in
individuals without dementia [63, 64], and that clin-
ical symptoms of dementia start to occur when A�
gives rise to brain atrophy and neurodegeneration. In
contrast, another PET study reported that lower levels
of CSF A�42 at baseline were related to brain volume
reductions during 1 year of follow-up in cognitively
healthy elderly controls [65].

Some limitations of the study have to be consid-
ered. First, the number of individuals in some of the
groups was relatively small. However, the findings
were in the expected direction, even when the sam-
ple was divided into several subgroups, and may be
considered biologically plausible. Second, although
the sample is drawn from the general population,
only 30% consented to a lumbar puncture. However,
it seems unlikely that this should have affected the
associations between CSF levels of A� and brain atro-
phy. Third, linear measurements and visual ratings of
cortical atrophy and WMLs on CT is a rather crude
method. However, if anything, this should decrease
the possibility of finding differences between the
groups. In addition, we have previously shown a high
interrater reliability in the CT measures [66]. Fur-
thermore, CT is less sensitive than MRI in detecting
WMLs and is more severely affected by bone harden-
ing artifacts, which is particularly severe in the region
of the medial temporal lobe [67]. However, CT is
better in delineating clinically relevant WMLs [68]
and comparable to MRI in detecting brain atrophy
[67]. On the other hand, if very mild changes are not
detected, it may have influenced the results. Also, CT
may be more suitable than MRI for the elderly, as it is
less sensitive to motion artefacts. CT is also the most
used brain imaging tool world-wide. Fourth, all scans
were rated by a single person which may increase the
risk for systematic error. Fifth, we cannot exclude
the possibility that some cases of AD in this very old
population might have mixed dementia. Finally, the
cross-sectional design limits conclusions regarding
cause-effect relations.

In summary, we found that low levels of CSF A�42
and A�40 correlated with WMLs in individuals with-
out dementia, suggesting that this might be an early
event in the dementia process, maybe related to defi-
cient clearance of amyloid or ischemia. In contrast,
CSF A�42 correlated with cerebral cortical atrophy
only in individuals with dementia. These findings
suggest that A� deposition manifests itself earlier
in subcortical white matter compared with cortical
brain regions and that subcortical arteriolosclerosis
may play a role in the pathogenetic process of AD.
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at the Royal Swedish Academy of Sciences, Swedish
Research Council for Health, Working Life and Well-
fare (no 2001-2646, 2001-2835, 2003-0234, 2004-
0150, 2006-0020, 2008-1229, 2004-0145, 2006-
0596, 2008-1111, 2010-0870, AGECAP 2013-2300,
2013-2496, Epilife 2006-1506), Swedish Alzheimer
foundation, Hjärnfonden, Swedish Brain Power, The
Alzheimer’s Association Zenith Award (ZEN-01-
3151), The Alzheimer’s Association Stephanie B.
Overstreet Scholars (IIRG-00-2159), The Knut and
Alice Wallenberg Foundation, Sahlgrenska Univer-
sity Hospital (ALF), The Emil and Maria Palm
Foundation, The Bank of Sweden Tercentenary Foun-
dation, EU FP7 project LipiDiDiet, Grant Agreement
N◦ 211696, Konung Gustaf V:s och Drottning Vic-
torias Frimurarestiftelse, Eivind och Elsa K:son
Sylvans stiftelse, Stiftelsen Söderström-Königska
Sjukhemmet, Stiftelsen för Gamla Tjänarinnor,
Handlanden Hjalmar Svenssons Forskningsfond,
Stiftelsen Längmanska Kulturfonden, Epilife Small
Grant, Stiftelsen Demensfonden, Stiftelsen Wilhelm
and Martina Lundgrens Vetenskapsfond. None of the
funders were involved in the design or interpretation
of the study. The funding sources had no involvement
in study design; the collection, analysis, and interpre-
tation of data; in the writing of the paper; and in the
decision to submit the paper for publication.

Authors’ disclosures available online (https://
www.j-alz.com/manuscript-disclosures/17-0950r1).

REFERENCES

[1] Blennow K, de Leon MJ, Zetterberg H (2006) Alzheimer’s
disease. Lancet 368, 387-403.

https://www.j-alz.com/manuscript-disclosures/17-0950r1
https://www.j-alz.com/manuscript-disclosures/17-0950r1


1884 I. Skoog et al. / Low CSF Aβ42 and Aβ40 are Related to White Matter Lesions

[2] Querfurth HW, LaFerla FM (2010) Alzheimer’s disease.
N Engl J Med 362, 329-344.

[3] Hardy J, Selkoe DJ (2002) The amyloid hypothesis of
Alzheimer’s disease: Progress and problems on the road to
therapeutics. Science 297, 353-356.

[4] Jack Jr CR, Knopman DS, Jagust WJ, Petersen RC,
Weiner MW, Aisen PS, Shaw LM, Vemuri P, Wiste HJ,
Weigand SD, Lesnick TG, Pankratz VS, Donohue MC, Tro-
janowski JQ (2013) Tracking pathophysiological processes
in Alzheimer’s disease: An updated hypothetical model of
dynamic biomarkers. Lancet Neurol 12, 207-216.

[5] Jack Jr CR, Knopman DS, Jagust WJ, Shaw LM, Aisen PS,
Weiner MW, Petersen RC, Trojanowski JQ (2010) Hypo-
thetical model of dynamic biomarkers of the Alzheimer’s
pathological cascade. Lancet Neurol 9, 119-128.

[6] Weiner MW, Veitch DP, Aisen PS, Beckett LA, Cairns NJ,
Green RC, Harvey D, Jack CR, Jagust W, Liu E, Morris
JC, Petersen RC, Saykin AJ, Schmidt ME, Shaw L, Siu-
ciak JA, Soares H, Toga AW, Trojanowski JQ (2012) The
Alzheimer’s Disease Neuroimaging Initiative: A review of
papers published since its inception. Alzheimers Dement 8,
S1-68.

[7] Blennow K, Hampel H, Weiner M, Zetterberg H (2010)
Cerebrospinal fluid and plasma biomarkers in Alzheimer
disease. Nat Rev Neurol 6, 131-144.

[8] Strozyk D, Blennow K, White LR, Launer LJ (2003) CSF
Abeta 42 levels correlate with amyloid-neuropathology in a
population-based autopsy study. Neurology 60, 652-656.

[9] Tapiola T, Alafuzoff I, Herukka SK, Parkkinen L, Har-
tikainen P, Soininen H, Pirttila T (2009) Cerebrospinal
fluid {beta}-amyloid 42 and tau proteins as biomarkers
of Alzheimer-type pathologic changes in the brain. Arch
Neurol 66, 382-389.

[10] Fagan AM, Mintun MA, Mach RH, Lee SY, Dence
CS, Shah AR, LaRossa GN, Spinner ML, Klunk WE,
Mathis CA, DeKosky ST, Morris JC, Holtzman DM (2006)
Inverse relation between in vivo amyloid imaging load and
cerebrospinal fluid Abeta42 in humans. Ann Neurol 59,
512-519.

[11] Knopman DS, Jack CR, Wiste HJ, Weigand SD, Vemuri
P, Lowe VJ, Kantarci K, Gunter JL, Senjem ML, Mielke
MM, Roberts RO, Boeve BF, Petersen RC (2013) Selective
worsening of brain injury biomarker abnormalities in cogni-
tively normal elderly persons with beta-amyloidosis. JAMA
Neurol 70, 1030-1038.

[12] Palmqvist S, Zetterberg H, Blennow K, Vestberg S,
Andreasson U, Brooks DJ, Owenius R, Hagerstrom D,
Wollmer P, Minthon L, Hansson O (2014) Accuracy of brain
amyloid detection in clinical practice using cerebrospinal
fluid beta-amyloid 42: A cross-validation study against
amyloid positron emission tomography. JAMA Neurol 71,
1282-1289.

[13] Skoog I, Davidsson P, Aevarsson O, Vanderstichele H,
Vanmechelen E, Blennow K (2003) Cerebrospinal fluid
beta-amyloid 42 is reduced before the onset of spo-
radic dementia: A population-based study in 85-year-olds.
Dement Geriatr Cogn Disord 15, 169-176.

[14] Fagan AM, Roe CM, Xiong C, Mintun MA, Morris
JC, Holtzman DM (2007) Cerebrospinal fluid tau/beta-
amyloid(42) ratio as a prediction of cognitive decline in
nondemented older adults. Arch Neurol 64, 343-349.

[15] Gustafson DR, Skoog I, Rosengren L, Zetterberg H,
Blennow K (2007) Cerebrospinal fluid beta-amyloid 1-
42 concentration may predict cognitive decline in older
women. J Neurol Neurosurg Psychiatry 78, 461-464.

[16] Stomrud E, Hansson O, Blennow K, Minthon L, Londos
E (2007) Cerebrospinal fluid biomarkers predict decline in
subjective cognitive function over 3 years in healthy elderly.
Dement Geriatr Cogn Disord 24, 118-124.

[17] Handoko M, Grant M, Kuskowski M, Zahs KR, Wallin
A, Blennow K, Ashe KH (2013) Correlation of specific
amyloid-beta oligomers with tau in cerebrospinal fluid from
cognitively normal older adults. JAMA Neurol 70, 594-599.

[18] De Leon MJ, Ferris SH, George AE, Reisberg B, Kricheff,
II, Gershon S (1980) Computed tomography evaluations
of brain-behavior relationships in senile dementia of the
Alzheimer’s type. Neurobiol Aging 1, 69-79.

[19] Zhang Y, Londos E, Minthon L, Wattmo C, Liu H, Aspelin
P, Wahlund LO (2008) Usefulness of computed tomography
linear measurements in diagnosing Alzheimer’s disease.
Acta Radiol 49, 91-97.

[20] Thal DR, Rub U, Orantes M, Braak H (2002) Phases of A
beta-deposition in the human brain and its relevance for the
development of AD. Neurology 58, 1791-1800.

[21] Buchhave P, Minthon L, Zetterberg H, Wallin AK, Blennow
K, Hansson O (2012) Cerebrospinal fluid levels of beta-
amyloid 1-42, but not of tau, are fully changed already 5 to
10 years before the onset of Alzheimer dementia. Arch Gen
Psychiatry 69, 98-106.

[22] Selkoe DJ, Hardy J (2016) The amyloid hypothesis of
Alzheimer’s disease at 25 years. EMBO Mol Med 8,
595-608.

[23] Jack Jr CR, Lowe VJ, Weigand SD, Wiste HJ, Senjem ML,
Knopman DS, Shiung MM, Gunter JL, Boeve BF, Kemp BJ,
Weiner M, Petersen RC, Alzheimer’s Disease Neuroimag-
ing Initiative (2009) Serial PIB and MRI in normal, mild
cognitive impairment and Alzheimer’s disease: Implications
for sequence of pathological events in Alzheimer’s disease.
Brain 132, 1355-1365.

[24] Brun A, Englund E (1986) A white matter disorder in
dementia of the Alzheimer type: A pathoanatomical study.
Ann Neurol 19, 253-262.

[25] de la Monte SM (1989) Quantitation of cerebral atrophy in
preclinical and end-stage Alzheimer’s disease. Ann Neurol
25, 450-459.

[26] Skoog I, Palmertz B, Andreasson LA (1994) The prevalence
of white-matter lesions on computed tomography of the
brain in demented and nondemented 85-year-olds. J Geriatr
Psychiatry Neurol 7, 169-175.

[27] Jellinger KA (2002) Alzheimer disease and cerebrovascular
pathology: An update. J Neural Transm 109, 813-836.

[28] Skoog I (1998) A review on blood pressure and ischaemic
white matter lesions. Dement Geriatr Cogn Disord 9(Suppl
1), 13-19.

[29] Guglielmotto M, Aragno M, Autelli R, Giliberto L, Novo
E, Colombatto S, Danni O, Parola M, Smith M, Perry G,
Tamagno E, Tabaton M (2009) The up-regulation of BACE1
mediated by hypoxia and ischemic injury: Role of oxidative
stress and HIF1alpha. J Neurochem 108, 1045-1056.

[30] Koike MA, Green KN, Blurton-Jones M, Laferla FM
(2010) Oligemic hypoperfusion differentially affects tau and
amyloid-{beta}. Am J Pathol 177, 300-310.

[31] Wang X, Xing A, Xu C, Cai Q, Liu H, Li L (2010)
Cerebrovascular hypoperfusion induces spatial memory
impairment, synaptic changes, and amyloid-beta oligomer-
ization in rats. J Alzheimers Dis 21, 813-822.

[32] Qi J, Wu H, Yang Y, Wang D, Chen Y, Gu Y, Liu T (2007)
Cerebral ischemia and Alzheimer’s disease: The expression
of amyloid-beta and apolipoprotein E in human hippocam-
pus. J Alzheimers Dis 12, 335-341.



I. Skoog et al. / Low CSF Aβ42 and Aβ40 are Related to White Matter Lesions 1885
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