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Associations Between Alzheimer Disease Biomarkers,
Neurodegeneration, and Cognition
in Cognitively Normal Older People
Miranka Wirth, PhD; Sylvia Villeneuve, PhD; Claudia M. Haase, PhD; Cindee M. Madison; Hwamee Oh, PhD;
Susan M. Landau, PhD; Gil D. Rabinovici, MD; William J. Jagust, MD

IMPORTANCE Criteria for preclinical Alzheimer disease (AD) propose β-amyloid (Aβ) plaques
to initiate neurodegeneration within AD-affected regions. However, some cognitively normal
older individuals harbor neural injury similar to patients with AD, without concurrent Aβ
burden. Such findings challenge the proposed sequence and suggest that Aβ-independent
precursors underlie AD-typical neurodegenerative patterns.

OBJECTIVE To examine relationships between Aβ and non-Aβ factors as well as
neurodegeneration within AD regions in cognitively normal older adults. The study quantified
neurodegenerative abnormalities using imaging biomarkers and examined cross-sectional
relationships with Aβ deposition; white matter lesions (WMLs), a marker of cerebrovascular
disease; and cognitive functions.

DESIGN, SETTING, AND PARTICIPANTS Cross-sectional study in a community-based
convenience sample of 72 cognitively normal older individuals (mean [SD] age, 74.9 [5.7]
years; 48 women; mean [SD] 17.0 [1.9] years of education) of the Berkeley Aging Cohort.

INTERVENTION Each individual underwent a standardized neuropsychological test session,
magnetic resonance imaging, and positron emission tomography scanning.

MAIN OUTCOMES AND MEASURES For each individual, 3 AD-sensitive neurodegeneration
biomarkers were measured: hippocampal volume, glucose metabolism, and gray matter
thickness, the latter 2 sampled from cortical AD-affected regions. To quantify
neurodegenerative abnormalities, each biomarker was age adjusted, dichotomized into a
normal or abnormal status (using cutoff thresholds derived from an independent AD sample),
and summarized into 0, 1, or more than 1 abnormal neurodegenerative biomarker. Degree and
topographic patterns of neurodegenerative abnormalities were assessed and their
relationships with cognitive functions, WML volume, and Aβ deposition (quantified using
carbon 11–labeled Pittsburgh compound B positron emission tomography).

RESULTS Of our cognitively normal elderly individuals, 40% (n = 29) displayed at least 1
abnormal neurodegenerative biomarker, 26% (n = 19) of whom had no evidence of elevated
Pittsburgh compound B retention. In those people who were classified as having abnormal
cortical thickness, degree and topographic specificity of neurodegenerative abnormalities
were similar to patients with AD. Accumulation of neurodegenerative abnormalities was
related to poor memory and executive functions as well as larger WML volumes but not
elevated Pittsburgh compound B retention.

CONCLUSIONS AND RELEVANCE Our study confirms that a substantial proportion of cognitively
normal older adults harbor neurodegeneration, without Aβ burden. Associations of
neurodegenerative abnormalities with cerebrovascular disease and cognitive performance
indicate that neurodegenerative pathology can emerge through non-Aβ pathways within regions
most affected by AD.
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A current model of Alzheimer disease (AD) pathogen-
esis holds that β-amyloid (Aβ) deposition leads to neu-
rodegeneration marked by neurofibrillary tau pathol-

ogy, brain atrophy, hypometabolism, and progressive cognitive
decline, all of which occur sequentially and start at a preclini-
cal stage of the disease.1,2 Recent data, however, have docu-
mented abnormalities in neurodegenerative biomarkers pro-
posed to be sensitive to AD in 23% of cognitively normal (NC)
older people who have no brain Aβ, a group termed SNAP (sus-
pected non-AD pathology).3,4 Similarly, we recently reported
the absence of direct relationships between Aβ deposition and
neurodegeneration in regions affected by AD.5

As biomarkers purporting to reflect AD-related neurode-
generation are clinically applied, it is important to character-
ize prevalence, degree, and topographic distribution of such
neurodegenerative abnormalities and associations with other
possible etiologies, such as cerebrovascular disease. White mat-
ter lesions (WMLs), a proxy of cerebrovascular disease, are fre-
quently observed in aging and associated with hypertension,6,7

gray matter injury,8 and cognitive dysfunction,8 but not Aβ.9,10

Our study aimed to characterize abnormalities in neuro-
degenerative biomarkers, their cognitive impact, and their
pathological associates in NC older adults. We defined thresh-
olds for abnormality in cortical thickness, glucose metabo-
lism, and hippocampal volume (HV) using samples of Alzhei-
mer’s Disease Neuroimaging Initiative (ADNI) NC (Aβ−)
individuals and patients with AD and applied these thresh-
olds to a separate cohort of NC older people.

We sought to compare the proportions of individuals with
neurodegenerative biomarker abnormalities with previous
studies,3 examine degree and topographic distribution of neu-
ral injury captured by the biomarkers, and assess relation-
ships between biomarker abnormality and cognition. We fur-
ther assessed how biomarker abnormality was associated with
either of 2 underlying possible etiologies: Aβ or WML vol-
umes. Samples and biomarkers were equivalent to our earlier
study.5 This approach used neurodegenerative biomarkers to
categorize individuals, an approach compatible with pro-
posed preclinical staging.

Methods
Study Participants
The institutional review boards at the ADNI sites, the Univer-
sity of California, Berkeley, and the Lawrence Berkeley Na-
tional Laboratory approved the study. Written informed con-
sent was obtained from all participants or their legal
representatives.

Berkeley Aging Cohort
The sample included 72 community-dwelling NC elderly in-
dividuals from the Berkley Aging Cohort (BAC). Eligibility cri-
teria included a Geriatric Depression Scale11 score of 10 or less,
Mini-Mental State Examination (MMSE)12 score of 25 or more,
and normal memory functions (test scores within −1.5 SDs of
age-, sex- and education-adjusted norms) at study enroll-
ment. The BAC participants were described in detail in our pre-

vious study5 and were mean (SD) 74.9 (5.7) years of age and 67%
women (n = 48) and had mean (SD) 17.0 (1.9) years of educa-
tion and a mean (SD) MMSE score of 28.8 (1.4). They reported
no current serious medical, neurological, or psychiatric ill-
nesses, except hypertension (31%), hyperlipidemia (35%), and
diabetes mellitus (4%); 31% were taking antihypertensive drugs.
Each individual underwent a standardized neuropsychologi-
cal test session, magnetic resonance imaging (MRI), and posi-
tron emission tomography (PET) scanning, all of which were
obtained in temporal proximity.5 All BAC NC cases with a full
data set available at the time of analysis were included.

Other Samples
The sample used to derive the neurodegenerative biomarker
cutoffs was selected from the ADNI database, as described
elsewhere.5 Cognitively normal individuals were selected if
they had negative florbetapir PET or cerebrospinal fluid Aβ
measurements, 1.5-T MRI, and fludeoxyglucose (FDG) PET and
were matched in age, sex, and education to the BAC NC cases.
The sample included 39 Aβ− individuals (ADNI NC cases: mean
[SD] age, 78.0 [6.40] years; 44% women [n = 17]; mean [SD] 15.8
[2.8] years of education; and a mean [SD] MMSE score of 29.2
[1.2]). Fifty age-, sex-, and education-matched patients with
mild AD were also selected (ADNI AD cases: mean [SD] age, 76.5
[7.4] years; 40% women [n = 20]; mean [SD] 14.6 [3.1] years of
education; and a mean [SD] MMSE score of 23.4 [2.2]).

Neuroimaging Data Acquisition and Preprocessing
Magnetic Resonance Imaging
For the BAC participants, structural MRI scans were acquired
on a 1.5-T Magnetom Avanto system (Siemens Medical Sys-
tems) using a 12-channel head coil run in triple mode. High-
resolution T1-weighted magnetization-prepared rapid gradi-
ent echo scans were collected axially with the following
measurement parameters: repetition time = 2110 millisec-
onds, echo time = 3.58 milliseconds, flip angle = 15°, field of
view = 256 × 256 mm, number of slices = 160 with a 50% gap,
and voxel size = 1 × 1 × 1 mm3. The ADNI magnetization-
prepared rapid gradient echo scans were collected using a stan-
dardized acquisit ion protocol and preprocessing
(http://adni.loni.usc.edu/).13

Fludeoxyglucose PET
The BAC participants underwent FDG-PET scanning using a
Siemens ECAT EXACT HR PET scanner about 2 hours follow-
ing Pittsburgh compound B (PiB) injection. The data were pro-
cessed in a manner identical to ADNI, including smoothing to
8 mm full width at half maximum.5 All smoothed FDG scans
were intensity normalized to the pons, as extracted from the
subcortical FreeSurfer 5.1 parcellation.14 The ADNI FDG-PET
sc ans were preprocessed as desc ribed elsewhere
(http://adni.loni.usc.edu/)15 and normalized to the pons.

Pittsburgh Compound B PET
For the BAC NC participants, PiB-PET scans were collected with
a 90-minute dynamic acquisition.16 The data processing cal-
culated distribution volume ratio images using a cerebellar gray
matter reference region.17 A global cortical PiB index was cal-
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culated for each individual by extracting a mean distribution
volume ratio value from frontal, temporal, parietal, and ante-
rior/posterior cingulate regions of interest (ROIs) using the au-
tomated Desikan-Killiany parcellation18 and the native-space
PiB-PET images.19

The PiB retention was evaluated as a continuous variable
(PiB index) in the BAC NC group and was rank transformed to
address the skewed distribution. In addition, participants were
characterized as PiB+ or PiB− using a cutoff score of 2 SDs above
the mean of the PiB index from an independent group of
healthy young adults (PiB+ ≥1.08),20 producing 35% PiB+ cases
(n = 25).

Assessment of Neurodegenerative Abnormalities
Cortical thickness, FDG-PET, and HV were measured for each
participant of each sample (ADNI NC cases, ADNI AD cases,
and BAC NC cases) using the FreeSurfer 5.1 software
(http://surfer.nmr.mgh.harvard.edu/).21 Cortical thickness and
FDG-PET surface maps were created from the native-space MRI
and PET scans.22 A previously validated AD template of cor-
tical ROIs, jointly affected by AD-related thinning and hypo-

metabolism (Figure 1A),5 was mapped onto the native-space
surface image and the mean cortical thickness and FDG-PET
values within the AD ROI template were extracted. The HV was
obtained from the native-space MRI scans using the auto-
mated subcortical FreeSurfer 5.1 parcellation.14 The “raw” HVs
were averaged across hemispheres and adjusted for head size,
based on the regression with the FreeSurfer 5.1–derived total
intracranial volume. As a control ROI, we constructed an ROI
that included all cortical area outside of the AD ROI template.

Because we were interested in biomarker abnormalities be-
yond what can be explained by age, the neurodegenerative bio-
markers were age adjusted for each participant using the ADNI
NC cases as the reference sample. Cutoff thresholds were de-
fined by performing receiver operating characteristic analy-
ses in the ADNI NC and ADNI AD samples. The abnormality cut-
off was set at the biomarker score that maximized the sum of
sensitivity and specificity. The following cutoffs (z scores) with
corresponding sensitivity and specificity values were ob-
tained: cortical thickness (z = −1.1; 90% and 90%), FDG-PET
(z = −1.0; 74% and 84%), and HV (z = −0.7; 100% and 80%). For
a 90% sensitivity cutoff,3 specificity values were comparable

Figure 1. Neurodegenerative Biomarkers in Cognitively Normal (NC) Cases and Patients With Alzheimer Disease (AD)
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0, 1, and more than 1 abnormal neurodegenerative biomarker for Berkley Aging
Cohort (BAC) NC cases, Alzheimer’s Disease Neuroimaging Initiative (ADNI) NC
cases, and ADNI AD cases.
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for cortical thickness and HV but decreased for FDG-PET. Ap-
plying these thresholds, each participant of each sample was
categorized as abnormal or normal for each biomarker and as
having 0, 1, or more than 1 abnormal neurodegenerative
biomarker.

Assessment of WMLs
For the BAC NC cases, WML volumes were estimated using the
subcortical FreeSurfer 5.1 segmentation14,23 and rank trans-
formed to address the skewed distribution. Residuals were cal-
culated from the correlation with total intracranial volume to
adjust for correlations with head size. The WML volumes sig-
nificantly correlated with systolic blood pressure (partial rage-

adjusted = 0.46; P < .001, 1-tailed, available for 70 individuals),
confirming established vascular risk associations.

Assessment of Cognition
For the BAC NC cases, memory and executive function com-
posite measures were constructed using a principal compo-
nent analysis.5 The memory measure was composed of the Cali-
fornia Verbal Learning Test, the Logical Memory Test, and the
Visual Reproduction Delayed Recall test as well as the Recog-
nition Test. The measure of executive functions consisted of
the Stroop Test, the Controlled Oral Word Association Test, the
Trail Making Test, and the Digit Symbol Coding Test. For each
composite measure, the selected cognitive tests were com-
bined as an unweighted average after z transformation using
mean and standard deviation of a larger behavioral BAC
cohort.5

Statistical Analysis
Statistical analyses were carried out using SPSS version 20.0.0
(IBM SPSS) and the original (non–age-adjusted) biomarker val-
ues. The findings were verified including covariates of age, sex,
and education when correlations (P < .10) with the depen-
dent measures were indicated. If not stated otherwise, re-
sults remained unchanged when adjusting for covariates. The
statistical threshold was set to P < .05.

The degree of neurodegenerative biomarker abnormali-
ties in the BAC NC cases was compared with the ADNI AD cases
(overall group) using analysis of variance (ANOVA) models.
Each model included BAC NC cases that were classified as nor-
mal (normal BAC NC cases) and abnormal (abnormal BAC NC
cases) on cortical thickness, FDG-PET, or HV as well as the ADNI
AD cases (overall group) as the independent variable and the
biomarker score as dependent the variable. Post hoc re-
peated contrasts assessed group-specific differences.

The cortexwide topographical distribution of neurode-
generative abnormalities was examined using general linear
models and both whole-brain and ROI analyses. A whole-
brain analysis compared the BAC NC groups (normal and ab-
normal) as independent variables and the neurodegenerative
biomarker (cortical thickness or FDG-PET) as dependent
variables.

Topographic specificity of neurodegenerative abnormali-
ties was assessed by constructing ROI ratios between the AD
ROI and the control ROI for cortical thickness and FDG-PET as
well as a ratio between HV and total cortical gray matter vol-

ume (adjusted for intracranial volume). The ANOVA models
compared group (normal or abnormal BAC NC cases and ADNI
AD cases [overall group]) across each ROI ratio as the depen-
dent variable. Post hoc repeated contrast assessed group-
specific differences.

Neurodegenerative biomarker abnormalities were re-
lated to cognitive functions (memory and executive func-
tions) as dependent variables using multivariate ANOVA mod-
els. Univariate ANOVA models assessed relationships between
biomarker abnormalities and WML volumes and PiB reten-
tion. Post hoc Fisher least significant difference tests were car-
ried out for pairwise comparisons of significant main effects
if applicable.

Results
Approximately 20% of the BAC NC cases (Figure 1B) were clas-
sified as abnormal in cortical thickness (n = 15), FDG-PET
(n = 12), or HV (n = 14); similar patterns occurred for the ADNI
NC cases (Figure 1B and C). Exactly 1 abnormal biomarker
(Figure 1C) was detected in 29.2% (n = 21) of the BAC NC cases,
9.7% (n = 7) of whom displayed abnormal cortical thickness;
8.3% (n = 6), abnormal FDG-PET; and 11.1%, (n = 8) abnormal
HV. More than 1 abnormal biomarker was exhibited by 11.1%
(n = 8), with 2.8% (n = 2) exhibiting cortical thickness and FDG-
PET abnormality, 2.8% (n = 2) displayed cortical thickness and
HV abnormality, and 6.6% (n = 4) displayed abnormal corti-
cal thickness, FDG-PET, and HV.

The BAC NC cases with cortical biomarker abnormality dif-
fered statistically from normal BAC NC cases in cortical thick-
ness (mean [SE] difference = 0.42 [0.04]; P < .001) and FDG-
PET (mean [SE] difference = 0.20 [0.03]; P < .001) but did not
differ significantly from patients with AD in the degree of cor-
tical thinning (P = .69) (Figure 2A, left panel) and glucose hy-
pometabolism (P = .17) (Figure 2A, middle panel). The BAC NC
cases with abnormal HV differed significantly from the nor-
mal BAC NC cases (mean [SE] difference = 526.30 [104.04];
P < .001) but had larger hippocampi compared with ADNI AD
cases (mean [SE] difference = 517.44 [105.64]; P < .001)
(Figure 2A, right panel).

Neurodegenerative abnormalities in cortical thickness
(P < .001) (Figure 2B, left panel) or FDG-PET (P < .001)
(Figure 2B, middle panel) occurred beyond AD-affected re-
gions, identified by whole-brain comparisons between the nor-
mal and abnormal BAC NC cases. The BAC NC cases with ab-
normal HV did not display significant cortical thinning
(Figure 2B, right panel) or glucose hypometabolism (data not
shown) at P < .001.

The AD regions were disproportionately more affected in
the abnormal compared with normal BAC NC cases. For BAC
NC cases with abnormal cortical thickness, the ROI ratio was
significantly lower compared with the normal BAC NC cases
(mean [SE] difference = 0.94 [0.35]; P < .05) and did not differ
significantly from the ADNI AD cases (P = .15) (Figure 2C, left
panel). For the BAC NC cases with abnormal FDG-PET, the
ROI ratio was significantly lower compared with the normal
BAC NC cases (mean [SE] difference = 1.29 [0.60]; P < .05)
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and differed significantly from the ADNI AD cases (mean [SE]
difference = 1.51 [0.61]; P < .05) (Figure 2C, middle panel). For
the BAC NC cases with abnormal HV, the ROI ratio was sig-
nificantly lower compared with the normal BAC NC cases
(mean [SE] difference = 1.20 [0.38]; P < .01) and did not differ
significantly from the ADNI AD cases (P = .18) (Figure 2C,
right panel).

Poorer cognitive abilities (Figure 3A) were detected in BAC
NC cases with abnormal compared with normal cortical thick-
ness in memory (F1,70 = 6.94; P < .05) and executive func-
tions (F1,70 = 19.16; P < .001). The BAC NC cases with abnor-

mal FDG-PET also exhibited lower executive functions
(F1,70 = 5.29; P < .05) and lower memory (F1,70 = 3.94; P = .05),
significant after education adjustment (F1,69 = 4.21; P < .05).
The same association was not found for the BAC NC cases with
abnormal HV (all P’s > .05). An increased number of abnor-
mal neurodegenerative biomarkers were associated with poorer
memory (F2,69 = 6.30; P < .01; linear trend = −0.55; P < .01) and
executive functions (F2,69 = 11.23; P < .001; linear trend = −0.65;
P < .001) (Figure 3B). The relationships did not change when
adjusting for PiB retention, ApoE4 carrier status, and hyper-
tension (systolic blood pressure ≥140 mm Hg or diastolic blood

Figure 2. Degree and Topographic Distribution of Neurodegenerative Abnormalities in the Berkley Aging Cohort (BAC) Cognitively Normal (NC) Cases
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cP < .01.
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pressure of ≥90 mm Hg). When adjusting for WMLs, cortical
thickness was in trend related to memory (P = .07), with no
other changes.

Neurodegenerative biomarker abnormalities were not sig-
nificantly related to continuous PiB retention (all P’s >.20) in
the BAC NC cases. A follow-up analysis showed that 26% (n = 19)
of the BAC NC individuals harbored at least 1 abnormal neuro-
degenerative biomarker without PiB positivity (Figure 4).

Significant relationships with WML volumes (Figure 5A)
indicated that the BAC NC cases with abnormal cortical thick-
ness exhibited increased WML volumes (F1,70 = 16.50; P < .001),
and those with abnormal FDG-PET had marginally larger WML
volumes (F1,70 = 3.61; P = .06; significant after age adjust-
ment [F1,69 = 5.89; P < .05]). Similar effects were not detected
for the BAC NC cases with abnormal HV (P = .44). A higher
number of abnormal neurodegenerative biomarkers was re-
lated to increased WML volumes (F2,69 = 5.40; P < .05). This was
true for the presence of more than 1 compared with 0 abnor-
mal neurodegenerative biomarkers (mean [SE] differ-
ence = −1.15 [0.36]; P < .01) (Figure 5B). The effect was not de-
tectable for individuals with 1 abnormal neurodegenerative
biomarker (P = .15).

Discussion
Consistent with previous reports,3,4 we found that a high pro-
portion of NC older people harbored neurodegenerative bio-
marker abnormalities within regions typically affected by AD,
without Aβ burden. Abnormal thinning within cortical AD re-
gions matched degree and topographic distribution of corti-
cal thinning seen in patients with AD. Accumulation of abnor-
mal neurodegenerative biomarkers was related to lower
cognitive function and larger WML volumes. Our findings sug-
gest that an AD-typical neurodegenerative pattern can emerge
through non-Aβ pathways and affect cognition in NC older
adults.

Although neither the BAC sample nor the ADNI samples
are likely to be representative of a community-type sample

of older people, the proportions of abnormal neurodegen-
erative biomarkers were highly similar to the Mayo Clinic
Study of Aging, a community sample in which 29% of NC
individuals had 1 and 8% had more than 1 abnormal
biomarker.3

Cognitively normal older people with abnormal cortical
thickness most closely resembled patients with AD in degree
and topographic specificity of cortical thinning. However, those
with abnormal FDG-PET showed hypometabolism in the AD
ROI comparable with patients with AD, but the ROI ratio in-
dicated a topography less typical of AD, suggesting a more
global pattern of hypometabolism. For people with HV abnor-
mality, gray matter reductions were intermediate to normal
BAC NC cases and patients with AD and more topographically
restricted, yet the disproportionate loss of HV compared with
the cortex was typical of AD. Together these results indicate
that, while biomarker abnormalities present in NC older people

Figure 3. Relationship Between Neurodegenerative Abnormalities and Cognition in the Berkley Aging Cohort (BAC) Cognitively Normal (NC) Cases
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Figure 4. Relationship Between Neurodegenerative Abnormalities and
Pittsburgh Compound B (PiB) Status in the Berkley Aging Cohort (BAC)
Cognitively Normal (NC) Cases
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are quite similar to those seen in AD, they are not necessarily
identical in degree and topographic specificity.

Neurodegenerative abnormalities in cortical thickness and
FDG-PET were associated with decreased memory perfor-
mance and executive functions. The presence of more than 1
abnormal neurodegenerative biomarker accounted for low-
est cognitive abilities in our sample. The accumulation of neu-
rodegenerative biomarker abnormalities might reflect a more
severe brain pathological stage that could potentially in-
crease the risk of longitudinal cognitive decline24 as well as de-
velopment of clinical AD.25,26

Brain Aβ deposition was not a necessary associate of neu-
rodegenerative abnormalities. Similar to the 23% proportion
of Mayo Clinic Study of Aging individuals,3 26% of the BAC NC
individuals harbored neurodegenerative abnormalities with-
out concurrent fibrillar Aβ. Instead, neurodegenerative abnor-
malities in cortical thickness and FDG-PET were positively as-
sociated with WML volumes; the relationship was most evident
when more than 1 abnormal neurodegenerative biomarker was
present. The result mirrors existing findings, showing that
WML measures are related to gray matter atrophy including
AD regions, which is tied to decreased cognitive functions in
NC individuals.8

The data imply that AD-typical neurodegenerative abnor-
malities can result from non-Aβ pathways in NC older people.
Such neural injury could be nonspecific to AD pathogenesis but
increase the brain’s vulnerability to Aβ burden, since both fac-
tors interact to lower cognition.5,27,28 This explanation would
not necessarily contradict the potential importance of Aβ-
plaque burden in preclinical staging of AD.2 Existing data also
demonstrate that fibrillar Aβ can drive gray matter injury29-31

and cognitive decline.28,29,32,33 Alternatively, non-Aβ neuro-
degenerative pathways might also play a direct role in the de-
velopment of AD, since patients with mild cognitive impair-
ment and neurodegeneration without Aβ burden have almost
the same risk of conversion to AD as those with both Aβ and
neurodegeneration.34

Our study is limited by its cross-sectional nature and small
sample size, which also restricted the analyses of different com-
binations of abnormal neurodegenerative biomarkers. Differ-
ences in sensitivity of the neurodegenerative biomarkers might
also have influenced our results. In general, however, con-
verging data from multiple studies suggest that abnormality
in neurodegenerative biomarkers can occur in NC older people
regardless of Aβ deposition, which needs consideration in pre-
clinical stages of AD.
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