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Abstract
The relationship between neurodegeneration and the two hallmark proteins of Alzheimer's disease,
amyloid-β (Aβ) and tau, is still unclear. Here, we examined 286 non-demented participants (107
cognitively normal older adults and 179 memory impaired individuals) who underwent
longitudinal MR imaging and lumbar puncture. Using mixed effects models, we investigated the
relationship between longitudinal entorhinal cortex atrophy, CSF p-tau181p and CSF Aβ1-42. We
found a significant relationship between elevated entorhinal cortex atrophy and decreased CSF
Aβ1-42 only with elevated CSF p-tau181p. Our findings indicate that Aβ-associated volume loss
occurs only in the presence of phospho-tauin humans at risk for dementia.

INTRODUCTION
A fundamental tenet of the amyloid hypothesis is that amyloid-β (Aβ) deposition triggers
the neurodegenerative process underlying Alzheimer's disease (AD) 1. The presence of Aβ
initiates downstream loss of dendritic spines and synapses 2 and functional disruption of
neuronal networks 3. However in humans, amyloid plaques are present in cognitively normal
older adults 4, correlate poorly with memory decline 5 and immunotherapy-induced plaque
removal may not prevent progressive neurodegeneration 6 suggesting that other entities may
be required for AD-related degeneration. Recent studies using mouse models show that tau
reduction can block Aβ-induced cognitive impairment 7 and tau potentiates Aβ-associated
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synaptic toxicity 8. Though these experimental findings suggest a link between tau and Aβ,
it is unknown whether tau (specifically, phospho-tau or p-tau) interacts with Aβ to effect
dendritic and synaptic degeneration in humans at risk for AD.

In humans, structural MRI and CSF biomarkers allow for the indirect assessment of the
cellular changes underlying AD in vivo. Structural MRI provides measures of cerebral
atrophy, which reflects loss of dendrites and synapses 9. Low CSF levels of Aβ strongly
correlate with high binding of the amyloid PET ligand Pittsburgh Compound B (PiB) 10 and
with increased intracranial plaques 11. High concentrations of CSF p-tau correlate with AD-
specific neurofibrillary pathology 12 and elevated total tau correlates with neuronal and
axonal damage 13. Here, we investigated whether an interaction between increased CSF p-
tau181p and decreased CSF Aβ1-42 is associated with increased cerebral atrophy over time in
non-demented older individuals at risk for developing AD.

SUBJECTS AND METHODS
Selection of participants and analysis methods for MRI and CSF biomarkers are briefly
summarized here, with details provided in Supplemental Information.

We evaluated healthy older controls (HC, n = 107) and individuals diagnosed with amnestic
mild cognitive impairment (MCI, n = 179) from the Alzheimer's Disease Neuroimaging
Initiative. Using recently proposed CSF cutoffs 14, we classified all participants based on
high (>23 pg/ml, “positive”) and low (<23 pg/ml, “negative”) ptau181p levels and based on
low (<192 pg/ml, “positive”) and high (>192 pg/ml, “negative”) Aβ1-42 levels (Table 1). We
restricted participants to those with CSF data and quality-assured baseline and follow-up
MRI scans (6 months to 3.5 years, mean of 2.14 years, standard deviation 0.75 years)
available as of January 2011.

We examined 1,177 T1-weighted MRI scans. We performed quantitative surface-based
analysis of all MRI scans using an automated region-of-interest labeling technique and
focused on the entorhinal cortex, a medial temporal lobe region that is selectively affected in
the earliest stages of AD 5. We additionally examined other neuroanatomic regions affected
in later stages of the disease process (see Supplemental Methods and Results). Using a
recently developed method from our laboratory 15, we assessed longitudinal sub-regional
change in gray matter volume (atrophy) on serial MRI scans.

We asked whether a statistical interaction between CSF p-tau181p and CSF Aβ1-42 status is
associated with entorhinal cortex atrophy over time (Figure 1). We examined the main and
interactive effects of CSF p-tau181p and CSF Aβ1-42 on entorhinal cortex atrophy while
controlling for age, sex, group status (MCI vs. HC), and disease severity (CDR-Sum of
Boxes), using the following mixed effects model: Δv= β0 + β1CSF_p-tau181p_status × Δt +
β2CSF_Aβ1-42_status × Δt + β3[CSF_ptau181p_status × CSF_Aβ1-42_status × Δt] + co-
variates × + ε Here, Δv = entorhinal cortex atrophy (millimeters3) and Δt = change in time
from baseline MRI scan (years). We also investigated whether an interaction between
increased CSF ptau181p and decreased CSF Aβ1-42 is associated with longitudinal clinical
decline as assessed with the Alzheimer's Disease Assessment Scale-cognitive subscale
(ADAS-cog) (see Supplemental Results).

RESULTS
Across all participants, the interaction between CSF p-tau181p and CSF Aβ1-42 status on
entorhinal cortex atrophy was significant (β3 = -0.01, standard error (SE) = 0.004, p = 0.002)
indicating elevated atrophy over time in individuals with positive CSF p-tau181p and positive
CSF Aβ1-42 status (Figure 2a). With this interaction term in the model, neither the main
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effect of CSF p-tau181p nor CSF Aβ1-42 was significantly different from zero. Follow-up
analyses demonstrated that CSF Aβ1-42 status was associated with elevated entorhinal cortex
atrophy only among CSF p-tau181p positive individuals (β-coefficient = -0.01, SE = 0.003, p
= 0.0002) (Figure 2b). There was no association between CSF Aβ1-42 status and entorhinal
cortex atrophy among CSF p-tau181p negative individuals (β-coefficient = -0.0007, SE =
0.002, p = 0.75). Similar results were obtained when CSF p-tau181p and CSF Aβ1-42 were
treated as continuous rather than categorical variables (see Supplemental Results).

Subgroup analyses within the MCI cohort demonstrated that CSF Aβ1-42 status was
associated with elevated entorhinal cortex atrophy only among CSF p-tau181p positive
individuals (β-coefficient = -0.02, SE = 0.0066, p = 0.003). There was no association
between CSF Aβ1-42 status and entorhinal cortex atrophy among CSF p-tau181p negative
MCI individuals (β-coefficient = -0.005, SE = 0.004, p = 0.30) (Table 1a).

Consistent with the MCI results, subgroup analyses within the HC cohort demonstrated that
CSF Aβ1-42 status was associated with entorhinal cortex atrophy only in CSF p-tau181p
positive individuals (β-coefficient = -0.009, SE = 0.003, p = 0.007). There was no
association between CSF Aβ1-42 status and entorhinal cortex atrophy among CSF p-tau181p
negative HC individuals (β-coefficient = 0.002, SE = 0.002, p = 0.32) (Table 1b).

Supplementary analyses demonstrated a similar pattern of results in regions affected later in
the disease process, with CSF Aβ1-42 status associated with increased atrophy only among
CSF p-tau181p positive individuals. Similarly, CSF Aβ1-42 status was associated with a
worsening ADAS-cog score over time only among CSF p-tau181p positive individuals (See
Supplemental Results).

We also examined the possibility that a nonspecific form of tau, total tau (t-tau), which
correlates strongly with p-tau (Spearman's rho = 0.82, p < 0.001), interacts with Aβ to
influence AD-associated entorhinal cortex atrophy. We classified all participants based on
high (“positive”) and low (“negative”) t-tau levels using a CSF cutoff value of 93 pg/ml 14.
Using the same mixed effects framework described above, we found that neither the main
effect of CSF t-tau status nor its interaction with CSF Aβ1-42 significantly differed from
zero. Treating t-tau and Aβ1-42 as continuous variables did not change these results.

DISCUSSION
Here, we show for the first time that in non-demented humans at risk for AD, Aβ-associated
entorhinal cortex degeneration occurs only in the presence of p-tau. In the absence of p-tau,
the effect of Aβ on entorhinal cortex volume loss is not significantly different from zero.
Our results also indicate that Aβ is associated with accelerated clinical decline only in the
presence of p-tau.

Though several cross-sectional studies have found a significant relationship between Aβ
deposition and cortical thickness 18, 19, the role of p-tau in modulating this relationship has
not been examined. Our longitudinal data indicate that in non-demented individuals Aβ
deposition by itself is not associated with neurodegeneration; the presence of p-tau likely
represents a critical link between Aβ deposition and accelerated volume loss in the
entorhinal cortex and other AD-vulnerable regions.

These findings point to p-tau as an important marker of AD-associated neurodegeneration.
Though CSF p-tau and t-tau are highly correlated, p-tau may represent a more specific
marker of the disease process. Elevations in CSF t-tau are seen in a number of neurologic
disorders characterized by neuronal and axonal damage whereas increased CSF p-tau
correlates with cognitive decline in MCI, increased neurofibrillary pathology in AD, and can
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distinguish AD from other neurodegenerative diseases. 20 Our results are consistent with
these prior observations and indicate that the interaction between p-tau and Aβ likely
reflects underlying AD pathobiology.

Recent work using neuronal cultures and mouse models suggests that a synergistic
interaction between tau and Aβ effects neurodegeneration. Specifically, Aβ triggers tau
hyperphosphorylation 16 leading to tau dissociation from microtubules and increased tau
accumulation in the somatodendritic compartment 8. Accumulated tau interacts with
tyrosine protein kinases, such as FYN, leading to sensitization of NMDA receptors and
rendering neurons susceptible to Aβ-associated toxicity.17 Our human findings are
consistent with this experimentally-derived pathobiologic cascade.

Limitations of our study include its observational nature, which precludes conclusions
regarding causation and the use of CSF biomarkers, which provide an indirect assessment of
amyloid and neurofibrillary pathology. Finally, we primarily focused on CSF biomarkers of
the two pathologic hallmarks of AD. Additional markers, such as the e4 allele of
apolipoprotein E (APOE ε4) or other p-tau isoforms, may also interact with Aβ to predict
entorhinal cortex volume loss.

From a clinical perspective, this work illustrates the importance and feasibility of testing
hypotheses generated from experimental models in humans. Although substantial progress
has been made in understanding the cellular and molecular mechanisms of
neurodegeneration, problems arise in translating these findings into the clinical setting. Our
results indicate that an analytic framework that integrates multiple biomarkers to test
experimental hypotheses in living individuals may help bridge the translational divide
between basic research and clinical medicine. By elucidating various aspects of AD biology,
the combination of longitudinal MRI and CSF biomarkers may additionally be useful for
detecting and quantifying the biochemical effects of therapeutic interventions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagrammatic representations of the primary hypotheses evaluated in the current study: (β1)
main effect of p-tau on entorhinal cortex atrophy, (β2) main effect of Aβ on entorhinal
cortex atrophy, and (β3 and ) an interactive effect between p-tau and Aβ is associated with
entorhinal cortex atrophy.
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Figure 2.
(a) Box and whisker plots for all participants illustrating entorhinal cortex atrophy rate,
measured as annualized percent change (APC), based on CSF Aβ1-42 (Aβ) and CSF p-
tau181p (pτ) status for all participants. For each plot, thick black lines show the median
value. Regions above and below the black line show the upper and lower quartiles,
respectively. The dashed lines extend to the minimum and maximum values with outliers
shown as open circles. As illustrated, the Aβ +/pτ + individuals demonstrated the largest
cortical atrophy rate (i.e. more negative percent change). (b) ANCOVA results for all
participants displayed across the lateral and medial hemispheres of the cerebral cortex. The
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cortex-wide ANCOVA co-varied for age, gender, group status (MCI vs. HC) and CDR-SB.
The strongest association between CSF Aβ1-42 status and cortical atrophy rate, measured as
annualized percent change, was observed in the entorhinal/medial temporal cortex and
present only among p-tau positive individuals. Among p-tau negative individuals, CSF
Aβ1-42 status was not associated with rate of cortical atrophy. For illustration, only the left
hemisphere is visualized.
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Table 1a

Demographic, clinical, and imaging data for all Mild Cognitive Impairment (MCI) individuals in this study.
MMSE = Mini-mental status exam, CDR-SB = Clinical Dementia Rating-Sum of Boxes score, APC =
Annualized Percent Change, SE = Standard error of the mean, CI = Confidence Interval

Aβ -/P-tau - (n = 36) Aβ -/P-tau + (n = 9) Aβ +/P-tau - (n = 15) Aβ +/P-tau + (n = 119)

Age, Mean (SE) 74.2 (1.4) 80.4 (1.9) 76.9 (1.5) 74.1 (0.6)

Female, % 24 29 31 38

Education Years, Mean (SE) 15.9 (0.5) 16.1 (1.1) 16.5 (0.7) 15.6 (0.3)

MMSE, Mean (SE) 27.3 (0.3) 25.8 (0.6) 27.0 (0.5) 26.8 (0.2)

CDR-SB, Mean (SE) 1.3 (0.1) 1.3 (0.2) 1.8 (0.3) 1.6 (0.1)

Years Between MRI Scans, Mean (SE) 2.0 (0.1) 1.8 (0.1) 2.1 (0.2) 2.1 (0.1)

Entorhinal Cortex APC, Mean (95% CI) -1.4 (-1.0, -1.8) -1.1 (0.1, -2.3) -1.1 (-0.3, -1.9) -2.6 (-2.4, -2.8)
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Table 1b

Demographic, clinical, and imaging data for all healthy older controls (HC) in this study. MMSE = Mini-
mental status exam, APC = Annualized Percent Change, SE = Standard error of the mean, CI = Confidence
Interval

Aβ -/P-tau - (n = 46) Aβ -/P-tau + (n = 19) Aβ +/P-tau - (n = 20) Aβ +/P-tau + (n = 21)

Age, Mean (SE) 74.3 (0.6) 78.0 (1.4) 74.9 (1.1) 78.2 (1.0)

Female, % 24 29 31 38

Education Years, Mean (SE) 15.5 (0.4) 15.5 (0.4) 14.8 (0.8) 16.7 (0.6)

MMSE, Mean (SE) 29.1 (0.1) 28.8 (0.3) 29.1 (0.2) 29.3 (0.2)

Years Between MRI Scans, Mean (SE) 2.3 (0.1) 2.3 (0.2) 2.3 (0.1) 2.4 (0.2)

Entorhinal Cortex APC, Mean (95% CI) -0.6 (-0.4, -0.8) -0.6 (-0.2, -1.0) -0.6 (-0.2, -1.0) -1.2 (-0.8, -1.6)
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