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Introduction:

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by misfolded protein accumulation in
the brain, neuronal loss, cognitive decline, and functional disability (Skovronsky et al. 2006). Mild cognitive impairment
(MCI) is a transitional stage between healthy aging and overt AD, with 10-25% converting to AD every year (Petersen
2003). Various biological and neuroimaging biomarkers for AD have been proposed, that reflect different aspects the
pathology and provide complementary information at various disease stages (Shaw et al. 2007). To boost power for drug
trials aiming to resist disease progression, it is important to know which factors influence rates of brain tissue loss; here
we set out to detect sex- and age-related differences in atrophic rates in a large cohort of subjects scanned twice 1 year
apart.
Methods:

Baseline and 1-year follow-up MRI scans from 144 probable AD patients (age at baseline: 76.5±7.4 years), 338 individuals
with amnestic MCI (76.0±7.2), and 202 healthy elderly controls (CTL; 77.0±5.1), were downloaded from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) public database (http://www.loni.ucla.edu/ADNI). After 9-parameter linear
registration, an atrophic rate map was created by nonlinearly warping the 1-year follow-up scan to match the baseline
scan of the same individual, driven by a mutual information cost function and a symmetric Kullback-Leibler regularizing
function (Yanovsky et al. 2009). Maps of atrophic rates were then nonlinearly aligned to a standard space defined by a
normal group mean template to enable voxel-based group analysis. At each voxel within the temporal lobes, linear
correlations were assessed between atrophy rates and (1) age and sex; (2) CSF biomarker levels (Aβ, tau, p-tau, and the
tau/Aβ ratio) at baseline and their 1-year changes; (3) baseline and 1-year changes in clinical and behavioral measures:
Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-Cog), Mini-Mental State Examination (MMSE), Rey
Auditory Verbal Learning Test (immediate “AVLT-5” and after delay “AVLT-del”), Logical Memory test (immediate “LM-im”
and after delay “LM-del”), sum-of-boxes Clinical Dementia Rating (CDR-SB), and the Functional Assessment Questionnaire
(FAQ). Correlations with atrophic rates were assessed voxelwise within each diagnostic group independently, and in the
combined group (of all AD, MCI, CTL subjects), where appropriate. The various correlation maps were evaluated and
ranked in order of effect size, using cumulative distribution function plots (CDF). Significance was assigned using the false
discovery rate (FDR) to correct for multiple comparisons (Hua et al. 2009).
Results:

Age and sex significantly correlated with atrophic rates, in the MCI group and when all subjects were combined (Figure 1).
Tissue atrophy rates were faster in younger MCI and AD subjects, and faster in women than men. Age and sex differences
in atrophic rates were clearly seen in age- and sex-divided subgroups (Figure 2). The rest of the correlations tested were
therefore adjusted for effects of age and sex.
Temporal lobe atrophy rates correlated with the levels of CSF biomarkers—Aβ, tau/Aβ, p-tau, and tau—at baseline, in that
order, when all subjects were combined (Figure 3). However, these correlations did not reach significance within each
diagnostic group independently, except that the level of CSF Aβ showed weak correlations (critical P=0.004) in the MCI
group. Atrophic rates were not detectably correlated with the rates of change in the CSF biomarkers within the individual
groups, but the tau/Aβ ratio showed some weak correlations with atrophic rates when all subjects were combined (critical
P =0.0004).
Temporal lobe atrophy rates correlated with baseline clinical measures and rates of clinical decline. In AD and MCI, atrophy
rates were most closely correlated with the ADAS-cog and also with LM-im, and AVLT-5 scores at baseline (Figure 4a, 4b).
Baseline LM-del, AVLT-del, and FAQ also showed significant correlations in the MCI group (Figure 4b). The anatomical
changes measured by TBM were most highly correlated with ongoing changes (in order of high to low effect size) in: LMdel, CDR-SB, ADAS-cog in AD, and CDR-SB, FAQ, LM-im, ADAS-cog, LM-del, in MCI. The rank order - from the highest to
lowest effect sizes – is shown for these correlations; the baseline ADAS-cog was correlated most strongly with future
atrophic rates.
Conclusions:

In one of the largest MRI studies of anatomical change in the living brain, we applied TBM to map the rates of atrophy and
its correlates. Atrophic rates were correlated with age and sex, baseline CSF biomarker levels (Aβ, tau, p-tau, tau/Aβ), and
baseline scores and changes in cognitive performance and behavioral assessments. TBM is clearly a useful biomarker for
tracking disease progression and assessing factors associated with brain atrophy. The age and sex effects on brain atrophic
rates provide useful information for future neuroimaging studies; adjusting for these effects will boost the power to detect
other factors that affect brain aging and dementia.
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Cognitive Aging (Cognition and Attention)
Alzheimer and Dementia (Disorders of the Nervous System)
Anatomical MRI (Imaging Techniques and Contrast Mechanism)

