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Objective: To characterize rates of regional Alzheimer
disease (AD)–specific brain atrophy across the presymp-
tomatic, mild cognitive impairment, and dementia stages.

Design: Multicenter case-control study of neuroimag-
ing, cerebrospinal fluid, and cognitive test score data from
the Alzheimer’s Disease Neuroimaging Initiative.

Setting: Research centers across the United States and
Canada.

Patients:Weexaminedatotalof317participantswithbase-
linecerebrospinal fluidbiomarkermeasurementsand3T1-
weightedmagneticresonanceimagesobtainedwithin1year.

Main Outcome Measures: We used automated tools
to compute annual longitudinal atrophy in the hippo-
campus and cortical regions targeted in AD. We used Mini-
Mental State Examination scores as a measure of cogni-
tive performance. We performed a cross-subject analysis
of atrophy rates and acceleration on individuals with an
AD-like cerebrospinal fluid molecular profile.

Results: In presymptomatic individuals harboring in-
dicators of AD, baseline thickness in AD-vulnerable cor-

tical regions was significantly reduced compared with that
of healthy control individuals, but baseline hippocam-
pal volume was not. Across the clinical spectrum, rates
of AD-specific cortical thinning increased with decreas-
ing cognitive performance before peaking at approxi-
mately the Mini-Mental State Examination score of 21,
beyond which rates of thinning started to decline. An-
nual rates of hippocampal volume loss showed a con-
tinuously increasing pattern with decreasing cognitive
performance as low as the Mini-Mental State Examina-
tion score of 15. Analysis of the second derivative of
imaging measurements revealed that AD-specific corti-
cal thinning exhibited early acceleration followed by de-
celeration. Conversely, hippocampal volume loss exhib-
ited positive acceleration across all study participants.

Conclusions: Alzheimer disease–specific cortical thin-
ning and hippocampal volume loss are consistent with a
sigmoidal pattern, with an acceleration phase during the
early stages of the disease. Clinical trials should care-
fully consider the nonlinear behavior of these AD bio-
markers.
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C OGNITIVE DECLINE AND

the dementia stage of Alz-
heimer disease (AD) are
the clinical manifesta-
tions of the cumulative

burden of multiple neuropathologic in-
sults. Postmortem studies1,2 indicate that
an evolution of neuropathologic insults can
be observed during the initial stages of AD,
with intracellular tau-associated neurofi-
brillary tangles first appearing in medial
temporal and limbic isocortical regions and
extracellular amyloid-� (A�)–associated
plaques affecting heteromodal associa-
tion cortices.

Structural magnetic resonance imaging
(MRI) allows for the detection of macro-
scopic tissue atrophy associated with AD.
Serial imaging helps us view the tempo-
ral evolution of the disease process and
shows promise for use in assessing drug
efficacy.3-14 Most prior longitudinal stud-
ies have found that brain atrophy progres-

sively accelerates throughout the disease
process, although those studies mostly fo-
cus on global measures, such as whole-
brain or ventricular volume,3 or on a single
anatomical structure, such as the hippo-
campus.5,10,12

In this study, we used longitudinal MRI
to examine the temporal dynamics of re-
gional cortical and hippocampal atrophy in
individuals harboring indicators of AD. Gray
matter atrophy, resulting from the loss of
neuronal, glial, and neuropil volume, is re-
flected as diminished cortical thickness in
vulnerable regions15,16 and decreased vol-
ume of the hippocampus.17 Building on the
findings of prior longitudinal clinical, cog-
nitive, and imaging studies3,7,18-22 and a re-
cent theoretical model of the Alzheimer’s
pathologic cascade,23 we hypothesized that
AD-specific cortical and hippocampal atro-
phy follows a sigmoidal pattern with ini-
tial acceleration followed by deceleration
during the later stages of the disease. Our
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analyses revealed that hippocampal and AD-specific cor-
tical atrophy agree well with the cumulative diffusion model
that predicts a sigmoidal pattern. We further present 3 lines
of evidence (based on baseline measurements, atrophy rates,
and acceleration) that distributed AD-specific cortical thin-
ning constitutes an early biomarker of AD.

METHODS

CUMULATIVE DIFFUSION MODEL

Recent evidence suggests that the dynamics of AD biomarkers
follow a sigmoidal pattern.23,24 One mechanism that yields such
a dynamic is the cumulative diffusion model,25 which predicts
that the rate of atrophy is proportional to that of aggregated
atrophy (ie, tissue loss at a location is aggravated by accumu-
lating damage in its neighborhood). Underlying this model is
the cumulative damage hypothesis, which can be caused by
mechanisms such as oxidative stress.26

According to the cumulative diffusion model, atrophy ac-
celerates initially, and the rate peaks at a point at which half
the potential tissue loss has occurred (Figure 1). This critical
(ie, inflection) point marks a shift in dynamics, namely, be-
fore the inflection atrophy is driven by accumulating disease,
but in the following period, the rate is constrained by the amount
of intact tissue.

ALZHEIMER’S DISEASE NEUROIMAGING
INITIATIVE DATA

We examined 317 participants from the public Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database (http://www
.adni-info.org), with cerebrospinal fluid (CSF) samples ob-
tained at baseline and 3 T1-weighted MRIs acquired at baseline
and at 6 and 12 months of follow-up. We investigated CSF bio-
marker measurements of A�1-42 peptide and total tau (t-tau)
according to a recently established CSF signature of AD.27 These
measurements, which we consider to be indirect measures of
indicators of AD, show strong promise as preclinical biomark-
ers that predict future dementia in individuals without demen-
tia.26-28 Our analysis focused on the group of individuals with
a CSF molecular profile consistent with AD (ie, a CSF t-tau:
A�1-42 ratio�0.39) (N=202). This group contained presymp-
tomatic (ie, cognitively normal [CN] as measured by a Clini-
cal Dementia Rating29 of 0) individuals (n=31), patients with
amnestic mild cognitive impairment30 (aMCI) (n=107), and pa-
tients with AD (n=64). Also, as healthy control individuals
(n=61), we included those individuals who were CN at base-
line and had a normal CSF molecular profile (ie, a CSF t-tau:
A�1-42ratio�0.39). The Table lists descriptive information
for these groups.

IMAGE PROCESSING

We processed all MRIs automatically using the FreeSurfer soft-
ware package developed at the A. A. Martinos Center for Bio-
medical Imaging at Massachusetts General Hospital.1 For each
MRI result, FreeSurfer computed study participant–specific
thickness measurements across the entire cortical mantle31,32

and hippocampal and intracranial volume measurements.33,34

In all subsequent analyses, we averaged the volumes of the 2
hippocampi. We used FreeSurfer’s longitudinal stream to pro-
cess a set of serial MRIs from each study participant; this stream
yields accurate and unbiased estimates of subtle changes over
time.2

CORTICAL REGIONS OF INTEREST

We used the cross-sectional Open Access Series of Imaging Stud-
ies (OASIS) data set35 consisting of 94 participants to generate
an exploratory map of cortical thickness differences between
older controls (47; [57.4%] women; mean [SD] age, 78 [5.6]
years) and individuals with a Clinical Dementia Rating of 0.5
clinically classified as having incipient AD (47; [63.8%] wom-
en; 76.4 [4.7] years of age). A 2-class general linear model yielded
a map of regions exhibiting AD-specific thinning (P� .01, un-
corrected) in each hemisphere (Figure 2). We delineated 7
regions of interest (ROIs) on the average cortical surface tem-
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Figure 1. Rates of atrophy. A, Hypothetical curve of longitudinal atrophy
according to the cumulative diffusion model; B, corresponding rate of
atrophy; and C, rate of atrophy as a function of the total amount of Alzheimer
disease (AD)–specific atrophy.
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plate31 that demonstrated the greatest magnitude of bilateral
cortical thinning in participants with incipient AD relative to
older controls (Figure 2). These regions were the entorhinal
cortex, the temporopolar cortex, the lateral temporal cortex,
the inferior parietal cortex, the inferior parietal sulcus, the pos-
terior cingulate cortex, and the inferior frontal cortex. Also, we
used a primary motor and sensory cortex region to serve as a
control ROI by averaging the thickness of the precentral and
postcentral gyri.26

Using surface-based registration,36 we mapped the
OASIS-derived ROIs from the surface template onto the Free-
surfer-generated results of the individual participants from the

ADNI cohort. We used mean thickness values (ie, across the
cortical ROIs in both hemispheres) in all subsequent analyses
(unless specified otherwise).

RATES OF ATROPHY

We computed rates of AD-specific cortical thinning and hip-
pocampal volume loss in each participant (at month 6) as the
mean of the backward (ie, baseline−month 6) and forward (ie,
month 6−month 12) slopes of cortical thickness and hippo-
campal volume measurements, respectively. With 2 time points,

Table. Descriptive Baseline Statistical Information for the Study Participants

Variable

Control
Individuals

(n=61)

AD-Like CSF

Presymptomatic
(n=31)

aMCI
(n=107)

AD
(n=64)

Total AD-Like CSF
(n=202)

Age, mean (SD), y 67.2 (12.0) 68.5 (9.7) 66.9 (13.2) 68.1 (12.8) 67.5 (12.6)
Female sex, No. (%) 46 (75.4) 23 (74.2) 78 (72.9) 39 (60.9) 140 (69.3)
MMSE score, mean (SD) 29.1 (1.0) 29.2 (1.1) 26.9 (1.8) 23.3 (1.9) 26.1 (2.7)
Educational level, mean (SD), y 15.3 (2.5) 16.3 (2.5) 15.6 (2.5) 15.1 (2.8) 15.5 (2.6)
Hypertension, No. (%) 31 (50.8) 15 (48.4) 42 (39.3) 30 (46.9) 87 (43.1)
APOE-ε4 carrier, No. (%) 9 (14.8) 11 (35.5) 70 (65.4) 46 (71.9) 127 (62.9)

Abbreviations: AD, Alzheimer disease; aMCI, amnestic mild cognitive impairment; APOE, apolipoprotein E; CSF, cerebrospinal fluid; MMSE, Mini-Mental State
Examination.
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Figure 2. Seven regions of interest generated from the regions demonstrating the greatest magnitude of Alzheimer disease (AD)–specific thinning in the exploratory
analysis of the Open Access Series of Imaging Studies data, shown on an inflated surface representation, with dark gray regions representing sulci and light gray
regions representing gyri. For illustration purposes, only the right hemisphere is presented. A, Statistical significance values of the difference between healthy control
individuals and patients with incipient AD. This exploratory analysis was not corrected for multiple comparisons; therefore, this map is not intended to be an accurate
reflection of early AD-specific thinning. However, the overall pattern is in general agreement with reported results. B, The regions of interest.
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the slope equals the difference between measurements di-
vided by the time difference. We computed the second deriva-
tive with respect to time (ie, acceleration) as the difference be-
tween the forward and backward slopes divided by the time
difference between month 12 and baseline. These values were
used in the acceleration-deceleration analysis presented herein.
Positive acceleration indicates that atrophy is speeding up, and
negative acceleration (ie, deceleration) signifies that it is slow-
ing down.

LONGITUDINAL MINI-MENTAL STATE
EXAMINATION SCORES

We measured cognitive performance via Mini-Mental State Ex-
amination (MMSE) scores37 obtained at baseline, month 6, and
month 12. Annual cognitive decline was computed as the dif-
ference between the scores of baseline and month 12 divided
by the time difference.

STATISTICAL ANALYSIS

To evaluate the fit of the cumulative diffusion model on indi-
vidual-level data, we used a model selection strategy based on
stepwise logistic regression.38 The theoretical model predicts
a nonlinear, quadratic relationship between the rate of atro-
phy and the total amount of AD-specific atrophy (Figure 1C).
We used cognitive performance (ie, negative MMSE score) as
a proxy for the total amount of AD-specific atrophy. The rate
of atrophy was treated as the dependent (ie, measurement) vari-
able in a general linear model, with MMSE score (at month 6
of follow-up) and its square as independent variables of inter-
est. We included age, sex, educational level, apolipoprotein E
(APOE)-ε4 genotype (using 1 if an APOE-ε4 carrier and 0 oth-
erwise), and intracranial volume as covariates.

For a given measurement (ie, cortical thickness or hippocam-
pal volume), if the rate of atrophy is associated with the square
of the MMSE score via a negative coefficient, we consider this
to be evidence of the cumulative diffusion model (ie, outcome
1). We further consider the outcome in which the rate of atro-
phyhasa linear (andnotquadratic)associationwithMMSEscore
via a negative coefficient (ie, outcome 2) as supportive of the cu-
mulative model because it simply would indicate that the inflec-
tion point is beyond the (MMSE) range of the analyzed data. Our
assumptionis thatcontinuously increasingatrophyrateswill slow
at some point due to the diminishing amount of intact tissue.
All other outcomes will be indicative of an alternative mecha-
nism (ie, alternative outcome). For example, a progressive slow-
ing will suggest an exponential decay pattern. All our analyses
included age, sex, educational level, APOE-ε4 genotype, and in-
tracranial volume as covariates and were conducted using the
StatisticalToolboxofMatlab(R2007a;TheMathWorksInc,Natick,
Massachusetts).

RESULTS

ATROPHY IN PRESYMPTOMATIC INDIVIDUALS
HARBORING INDICATORS OF AD

Among individuals with an AD-like CSF molecular pro-
file, we first analyzed those who were CN at baseline
(n=31). Compared with healthy controls, the mean base-
line thickness in the 7 AD-vulnerable cortical ROIs was
significantly reduced in this presymptomatic group
(P� .001). Yet, baseline hippocampal volume measure-
ments and the annual rates of AD-specific cortical thin-

ning and hippocampal volume loss were statistically in-
distinguishable from those of healthy controls (P=.17,
P=.81, and P=.24, respectively) (Figure 3). A correla-
tion analysis that treated CSF biomarkers as continuous
variables in the entire CN group (n=92) revealed that
mean baseline thickness in AD-vulnerable cortical ROIs
was more strongly associated with A�1-42 than t-tau, and
this association mostly was driven by a subset of the 7
regions, with posterior cingulate and inferior parietal cor-
tices exhibiting the strongest correlations.26 The mean re-
sults agree well with supplemental analyses performed
on a small number of CN individuals who progressed to
aMCI or AD within 3 years.26 Furthermore, among the
presymptomatic individuals, annual rates of AD-
specific cortical thinning and hippocampal volume loss
were not correlated with concurrent cognitive decline (ie,
MMSE change3 during the same year; partial correlation
P=.57 and P=.63, respectively).

ATROPHY IN SYMPTOMATIC INDIVIDUALS
HARBORING INDICATORS OF AD

Next, we examined the symptomatic individuals (ie, those
having aMCI and AD) with an AD-like CSF molecular
profile. Compared with healthy controls, thickness in AD-
vulnerable cortical ROIs and hippocampal volume were
significantly reduced in this group (both P� .001). The
rates of AD-specific thinning and hippocampal volume
loss were significantly higher than those in the control
group (both P� .001) and correlated with concurrent cog-
nitive decline (ie, partial correlations of 0.16 and 0.32;
corresponding P=.02 and P� .001 for cortical thick-
ness and hippocampal volume, respectively).

ANNUAL RATES OF ATROPHY VS MMSE SCORE

To test the cumulative diffusion model of atrophy, we
conducted a stepwise linear regression on all individu-
als with an AD-like CSF molecular profile (n=202), using
rate of atrophy as the outcome variable. The MMSE score
at month 6 and its square were the independent vari-
ables of interest. The quadratic term was significantly as-
sociated with the rate of AD-specific cortical thinning
(P=.002) via a negative coefficient (ie, outcome 1). No
significant association was observed between the square
of the MMSE score and the annual rate of hippocampal
volume loss (P=.76), but the linear term was statisti-
cally significant (P� .001) with a negative coefficient (ie,
outcome 2). Both of these outcomes provide support for
the cumulative diffusion model that predicts a sigmoi-
dal pattern. For the primary motor and sensory cortices
(ie, the control region), stepwise linear regression yielded
no support for the cumulative diffusion model (ie, the
alternative outcome).26 Figure 4 shows the best second-
order polynomial fit for AD-specific cortical thinning rates
and hippocampal volume loss rates as functions of MMSE
score.

The maximum point of the thinning rate curve was
located at the MMSE score of 21.4, with a 95% confi-
dence interval of 19.5 to 23.3, a range that is typically
within the mild stages of clinical AD.4 To exclude the pos-
sibility that this fit may have been driven by results from
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the entorhinal cortex, we conducted a supplemental analy-
sis by omitting this region from the average AD-specific
thinning measure.26 Little variation can be observed in
the location of the peak across the 7 AD-vulnerable ROIs,
with less than 2 MMSE points of difference between the
maxima of the posterior cingulate, the ROI that peaks
the earliest, and the temporal pole, which peaks the lat-
est.26 The rate of hippocampal volume loss exhibited a
continuously increasing pattern with decreasing MMSE
score, and the maximum of this curve is likely to exist
beyond the MMSE score of 15 (ie, the lowest score in our
data).

ACCELERATION AND DECELERATION
OF ATROPHY

The sigmoidal pattern suggests early acceleration fol-
lowed by a deceleration phase. Based on the observation
that AD-specific cortical thinning rates peak at approxi-
mately the MMSE score of 20 to 23, we subdivided the
group of individuals with an AD-like CSF molecular pro-
file into 2 subgroups, namely, those with a month-6 MMSE
score greater than 23 (n=148) and those whose score was
less than 20 (n=10). Cortical atrophy exhibited a pat-
tern of acceleration in the first group (ie, the second de-
rivative is positive) and deceleration in the second group.26

Conversely, hippocampal volume loss exhibited a posi-
tive acceleration in both subgroups.

COMMENT

We present evidence for the cumulative diffusion model
as a possible mechanism for AD-specific brain atrophy.
In this model, rates of atrophy behave nonlinearly (ie,
with a sigmoidal pattern), increasing initially, peaking
at the inflection point, and decreasing thereafter.

Rates of atrophy in AD-vulnerable cortical ROIs and
in the hippocampus in presymptomatic individuals
with an AD-like CSF molecular profile were statistically
indistinguishable from those of healthy controls. How-
ever, the former individuals exhibited an elevated pro-
file, suggesting that these 2 groups can be potentially
discriminated with a larger sample size. Of interest, the
mean thickness of AD-vulnerable ROIs was signifi-
cantly reduced in this presymptomatic group, but hip-
pocampal volume was not. This finding suggests that
cortical thickness in AD-vulnerable ROIs may be a sen-
sitive biomarker in the earliest stages of the disease pro-
cess. Longitudinal rates of atrophy in AD-vulnerable
cortical and hippocampal regions, however, seem un-
likely to be useful for tracking disease progression dur-
ing the presymptomatic period. These results are fur-
ther supported by a supplemental analysis of a small
number of individuals (n=10) who were CN at baseline
but had progressed to aMCI or AD within 3 years of fol-
low-up.
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Figure 3. Baseline hippocampal volume measurements and the annual rates of Alzheimer disease (AD)–specific cortical thinning and hippocampal volume loss.
Shown are mean hippocampal volume (A) and cortical thickness in AD-vulnerable regions of interest (B) across healthy control individuals, presymptomatic
individuals, and symptomatic (ie, having amnestic mild cognitive impairment [aMCI] and AD) individuals with an AD-like cerebrospinal fluid molecular profile.
Mean rates of hippocampal volume loss (C) and AD-specific cortical thinning (D) are shown for each group. Error bars indicate SEM. Asterisk indicates P� .05 for
group differences.
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Our results from the CN group add to the growing
body of literature that demonstrates cortical thickness
measurements from select ROIs as sensitive markers of
very early AD.39-41 This observation does not necessar-
ily contradict the widely accepted pathophysiology of
AD that is characterized by early neurofibrillary tangle
deposition in the medial temporal lobe (including the
hippocampus) and associated atrophy in these regions
because volume measurements of a structure as large
as the hippocampus may be less sensitive to subtle and
localized atrophy than those of ROI-based cortical
thickness. Moreover, our analyses suggest that
AD-specific cortical thinning in CN individuals is
mostly associated with �-amyloid and not tau. The
recently demonstrated tight coupling between hippo-
campal atrophy and episodic memory impairment42 fur-
ther suggests that significant volume loss in the hippo-
campus may be associated with clinical symptoms and
therefore is unlikely to occur during a preclinical phase.
That is, hippocampal atrophy may mark the transition
to cognitive symptoms.

Thickness in AD-vulnerable cortical ROIs and hippo-
campal volume are significantly reduced during aMCI and
clinical AD. Consistent with data from prior stud-
ies,5-8,18 rates of AD-specific cortical thinning and hip-
pocampal volume loss also are significantly elevated and
correlate with concurrent cognitive decline.

Consistent with the sigmoidal pattern, the rate of
cortical thinning accelerates throughout the presymp-
tomatic and aMCI stages, starting from levels indistin-
guishable from those of healthy controls and reaching
its fastest pace at approximately the MMSE score of
21. Although continuing to progress, AD-specific cor-
tical thinning starts to slow beyond this point. This
characterization was consistent across all 7 AD-
vulnerable cortical ROIs that we examined. Hippocam-
pal atrophy rates, however, exhibit a progressively in-
creasing pattern without a clearly discernible peak before
the MMSE score of 15.

Our longitudinal observation is in broad agreement
with a recent cross-sectional characterization of the dy-
namics of AD biomarkers,24 in which a sigmoidal pat-
tern of hippocampal atrophy was demonstrated. Build-
ing on data from prior serial imaging studies,7,14,18 our
results demonstrate that AD-specific brain atrophy is char-
acterized by early acceleration, possibly driven by cu-
mulative insults, such as amyloid toxicity, tangle depo-
sition, and neuronal and synaptic dysfunction, followed
by late deceleration, constrained by the diminishing re-
sidual intact tissue.

The nonlinear, sigmoidal pattern has important
implications for clinical trials. First, a linear character-
ization of brain atrophy can lead to incorrect sample
size estimates and underpowered clinical trials. Second,
the bell-shaped derivative of the sigmoid implies that
early in the disease process, atrophy rates are likely to
be indistinguishable from those of controls and there-
fore probably will be of limited use in tracking progres-
sion. Finally, the natural deceleration observed in later
disease stages needs to be carefully considered when
assessing a disease-modifying therapeutic effect in an
AD trial.

The present study uses longitudinal neuroimaging data
collected from multiple sites and thus demonstrates the
potential use of these biomarkers in multicenter clinical
trials. Another important aspect of the study is the use
of cortical ROIs defined with an independent sample. In
contrast with traditional methods that use anatomical
landmarks, this approach identifies a disease-specific effect
through an exploratory analysis,39 which yields sensi-
tive markers of disease.
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Figure 4. Best second-order polynomial fit for Alzheimer disease (AD)–specific
cortical thinning rates and hippocampal volume loss rates as functions of
Mini-Mental State Examination (MMSE) score. Shown are scatterplots of rates
of AD-specific hippocampal volume loss (A) and cortical thinning (B) vs MMSE
score. Each dot represents an individual with an AD-like cerebrospinal fluid
molecular profile. The curves represent best-fit quadratic functions. The curve
for the hippocampus is approximately linear (but slightly convex due to a
nonsignificant positive coefficient in the quadratic term). The curve for
AD-specific cortical thinning is concave, with an optimum at approximately the
MMSE score of 21. To examine the sensitivity of the fit to outliers, we
reanalyzed these data without the 2 individuals with extreme data, namely,
those with MMSE scores of 16 and 15, respectively. All results remained
approximately the same. Crucially, the quadratic term for AD-specific thinning
was statistically significant, and the optimum score was approximately 21.
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The present study has several limitations. One issue
involves the use of a cross-sectional design in which co-
hort effects can confound results. A second concern per-
tains to the usefulness of a CSF-based cutoff to select par-
ticipants who have a molecular profile consistent with
AD and our assumption that the conditions of these in-
dividuals exist on the same disease trajectory. Hence, our
findings are contingent on the validity of this hypotheti-
cal trajectory. Another limitation involves the examina-
tion of longitudinal atrophy during a 1-year period. It is
possible that acceleration and deceleration patterns of cor-
tical regions vary substantially across individuals. Fur-
thermore, the limited number of patients in the severe
stages of dementia (eg, with an MMSE score �20) may
have biased our computation of where cortical thinning
rates peak. As additional longitudinal MRI data during
multiyear periods become available, future studies will
examine the validity of these findings. Finally, the ap-
parent slowing of AD-specific cortical thinning may not
occur due to the underlying biology but may be a con-
sequence of the technical difficulty of resolving thick-
ness changes around and beyond the voxel resolution.
Although our characterization of AD-specific cortical thin-
ning as a dynamic biomarker still will be valid, in the in-
terest of understanding the underlying biology of this re-
gion, this potential confounder needs to be examined in
future work.
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