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Abstract

Recent literature has examined baseline hippocampal volume and extent of brain amyloidosis to
test potential synergistic effects on worsening cognition and extent of brain atrophy. Use of
hippocampal volume in prior studies was based on the notion that limbic circuit degeneration is an
early manifestation of the Alzheimer's Disease (AD) pathophysiology. To clarify these
interactions early in the AD process, we tested the effects of amyloid and baseline normalized
hippocampal volume on longitudinal brain atrophy rates in a group of cognitively normal
individuals. Results showed that the combination of elevated 3-amyloid and baseline hippocampal
atrophy is associated with increased rates specific to the limbic circuit and splenium. Importantly,
this atrophy pattern emerged from a voxelwise analysis, corroborated by regression models over
ROlIs in native space. The results are broadly consistent with previous studies of the effects of
amyloid and baseline hippocampal atrophy in normals, while pointing to accelerated atrophy of
AD-vulnerable regions detectable at the preclinical stage.
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Introduction

The occurrence of -amyloidosis and tauopathy in trajectories of brain aging and cognitive
decline has been laid out in sequential models(Jack and Holtzman, 2013, Jack, et al., 2010)
of B-amyloid deposition followed by elevated tau and then macrostructural atrophy. Recent
studies have focused on baseline hippocampal volume and brain hypometabolism in
interaction with B-amyloidosis as predictors of brain atrophy(Jack, et al., 2014, Kantarci, et
al., 2014) or cognitive decline(Mormino, et al., 2014, Wirth, et al., 2013). In these articles
baseline hippocampal volume and brain hypometabolism are used as markers for a process
labeled “neurodegeneration” that is independent of 3-amyloidosis (Jack, et al., 2014). This
process may consist of “primary age-related tauopathy” (PART)(Crary, et al., 2014, Jack,
2014) and on its own may lead to “suspected non-Alzheimer's pathology” (SNAP)(Jack,
2014) in the absence of f-amyloidosis. The presence of both conditions, however, may lead
to accelerated brain change and cognitive decline. For instance, previous studies have shown
that the co-occurrence of neurodegeneration and B-amyloid accelerates the rate of cognitive
decline in older adults(Mormino, et al., 2014, Wirth, et al., 2013). Recent research has also
highlighted that f-amyloid can increase or catalyze neurodegeneration so that individuals
with both processes show a greater rate of brain atrophy than those with only
neurodegeneration or only B-amyloid(Jack, et al., 2014); similar findings have also recently
been made for decreased white matter integrity(Kantarci, et al., 2014).

The limbic circuit(Thomas, et al., 2011) appears to be an early target of AD
degeneration(Acosta-Cabronero and Nestor, 2014) as measured both by medial temporal
gray matter atrophy(Ishii, et al., 2005) and FDG-PET hypometabolism in medial temporal
gray as well as posterior cingulate(Nestor, et al., 2003). It includes projections from the
hippocampus via the fornix to the mammillary bodies, through portions of the thalamus to
the posterior cingulate (PC), and is completed by projections from the PC back to the
presubicular regions of the hippocampus(Nestor, et al., 2003). The mechanisms of this
circuit-wide degeneration are not yet clear. Hippocampal degeneration may be an indicator
of this process, but in the light of findings cited above it is possible that the presence of both
low baseline hippocampal volume and high amyloidosis is necessary to predict limbic
degeneration.

To clarify these questions, we tested the hypothesis that baseline hippocampal volume
interacts with f-amyloidosis to predict accelerated longitudinal tissue loss in a cohort of
normal older study participants. We performed a voxel-based analysis to test for effects
throughout the brain, followed by ROI-based analyses in order to better localize and confirm
the effects of these factors and their interactions on atrophy of the brain.
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Our longitudinal cohort consisted of 53 normal (CN) participant recruited into the
Longitudinal Cohort of the Alzheimer's Disease Center (ADC) of the University of
California, Davis. Our sample was drawn from a group of available participants having PiB
imaging as part of an ongoing image database acquisition at the ADC. Each participant
received two structural MRI scans at intervals no more closely spaced than 8 months with an
average interscan interval of 3.8 years, as well as a clinical diagnosis performed at or near
each scan date. Each participant also received a single PiB scan within an average interval of
2.7 years from the baseline MRI, or 1.1 years before the follow-up scan.

Clinical Evaluation

Clinical evaluations were performed by the ADC at baseline and follow up visits. These
included detailed medical history and physical and neurological examinations. Diagnoses of
cognitive symptoms were made according to standardized criteria(McKhann, et al., 2011,
Mungas, et al., 2011, Petersen, 2004) by a consensus of clinicians.

Magnetic Resonance Imaging

Biomarkers

Each participant received two scans on a scanner of the same manufacturer and model at
both occasions to minimize artifact differences in longitudinal registrations. The mean
interval between successive scans was 3.8 years. All images were acquired at the Imaging
Research Center of the University of California, Davis. The scanners had field strengths of
1.5T and 3T. The 1.5T GE Genesis Signa had the following parameters: Scan type FSPGR,
flip angle 15°, TR 8.9 ms, field of view 25 cm, slice thickness 1.5 mm. The 3T Siemens Trio
had the following parameters: Scan type MPRAGE, flip angle 7°, TR 2500 ms, field of view
25cm, slice thickness 1.5 mm.

All PiB-PET images were acquired at Lawrence Berkeley National Laboratory (LBNL) on a
Siemens ECAT EXACT HR PET scanner in 3D acquisition mode. PiB radiotracer was
synthesized at this facility using a standard protocol(Mathis, et al., 2003) 10 to 15 mCi of
[11C] PiB was injected into an antecubital vein. Dynamic acquisition frames (34 to 35
frames total) were obtained over 90 minutes as follows: 4 x 15 seconds, 8 x 30 seconds, 9 x
60 seconds, 2 x 180 seconds, 8 x 300 or 10 x 300 seconds and 3 x 600 or 2 x 600 seconds.
Distribution volume ratio (DVR) images were created with PiB frames corresponding to
35-90 minutes post-injection and a gray matter cerebellar mask as reference region(Logan,
etal., 1996, Price, et al., 2005). Cerebellar gray matter was chosen as the reference because
it is known to be relatively unaffected by fibrillar amyloid in AD and is thus reliable for
estimating non-specific PiB binding(Price, et al., 2005).

For each participant, a global direct value ratio (DVR) index was derived from the native-
space image(Villeneuve, et al., 2014) by averaging the weighted mean value from
freesurfer-derived ROIs in frontal (cortical regions anterior to the precentral gyrus),
temporal (middle and superior temporal regions), parietal (supramarginal gyrus, inferior/
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superior parietal lobules and precuneus) and posterior cingulate cortex using the Desikan-
Killiany atlas(Desikan, et al., 2006).

For a categorical measure of PiB index, we used a cutoff at 1.08 which represents an optimal
cutoff in our laboratory to detect early PiB signal when using the processing method
describe above(Villeneuve, et al., 2015). PiB index values below this cutoff were classified
as amyloid-negative (A-); otherwise amyloid positive (A+).

Brain PiB loads were measured at dates such that the mean time difference between PiB
measurement and baseline MRI scan was 2.72 years. PiB load was considered as constant
over the interscan interval of each participant. This was justified because of the known slow
rate of PiB increase from healthy controls to AD, spanning decades, with a further
plateauing at higher levels(Villemagne, et al., 2013).

Hippocampal volume was computed by a semi-automatic multi-atlas hippocampal
segmentation algorithm(Aljabar, et al., 2009). Hippocampal volumes were regressed against
total brain volume and residuals, i.e. adjusted hippocampal volume (HVa) used as unbiased
indicators (Jack, et al., 2012). We define hippocampal atrophy (HA) as the negative residual
of the baseline hippocampal volume after regression against brain size, i.e. HA = -HVa.
Thus higher values of HA suggest smaller hippocampal volumes. To create a categorical
measure from HA we applied a threshold for HVa derived from the 90t percentile of HVa
in an independent group of AD participants (Jack, et al., 2012): values below this threshold
were termed hippocampal-atrophy positive (HA+), otherwise negative (HA-). Therefore HA
+ refers to low baseline hippocampal volume (below the AD percentile cutoff) and HA-to
high.

In our main analysis we used continuous versions of both PiB and HA. However, for
comparison with previous studies(Jack, et al., 2014, Kantarci, et al., 2014) we also refer to
the four biomarker groups A-HA-, A+HA-, A-HA+ and A+HA+ in one of our analyses and
our demographic table.

Longitudinal change analysis

Voxelwise longitudinal change between same-participant T1 structural MRIs was computed
using a tensor-based morphometry (TBM) method designed to enhance sensitivity and
specificity by incorporating knowledge of likely tissue boundary locations(Fletcher, 2014, E
Fletcher, et al., 2013). Prior to TBM registration, the two scans of each participant were
denoised using a non-local means algorithm optimized for structural brain T1
images(Coupé, et al., 2008). This algorithm takes advantage of image redundancy to
robustly model tissue intensities and smooth regions within tissues while preserving
edges(Buades, et al., 2005). Brain change was quantified at the voxel level by the TBM
deformation field at each voxel. In this analysis, the determinant of the 3 x 3 derivative
matrix of the deformation field at a voxel computes the local volume change factor indicated
by the deformation. Determinants equal to 1.0 indicate no volume change; determinants
between 0 and 1 signify volume shrinkage, while determinants greater than 1.0 indicate
expansion. Performing a logarithmic transform gives a symmetric distribution about 0, with
negative logs indicating contraction and positive logs indicating expansion(E Fletcher, et al.,
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2013, Hua, et al., 2008). These will be referred to as log-jacobians. To perform group
voxelwise statistical analysis in a common space, native space log-jacobians were
transformed onto a minimal deformation template (MDT) adapted to an older
population(Kochunov, et al., 2001), using parameters derived from affine alignment
followed by non-linear B-spline warping(Rueckert, et al., 2006) of the underlying structural
T1 images. The individual log-jacobians in template space were annualized to represent
change over the same interscan time interval in all participants. To compensate for the
matching variability of the B-spline warps and improve voxelwise statistical power in
template space, an intensity-consistent smoothing(Studholme and Cardenas, 2002) was
performed on each participant's warped jacobian image after deformation to the template. In
this approach, weights for the jacobian values are computed based on estimates of the
likelihood that nearby locations originated from the same tissue in native space. The
resulting neighborhood weighted averages offer improved edge preservation in the template
space and decreased “dilution” when, for example, contractive jacobians are improperly
averaged with expansions, due to misregistrations committed by the B-spline
warps(Studholme and Cardenas, 2002).

Statistical analysis

Voxel-based group comparisons—To assess possible relations between PiB, HA and
brain tissue loss without prior hypothesis as to location, we performed multivariate voxel-
based regression using the log-jacobian images transformed to template space. We
controlled for age and gender while testing for effects of continuous PiB, continuous HA
and their interaction on log-jacobian change. To correct for multiple voxel comparisons,
contiguous cluster significance was assessed by non-parametric sub-threshold cluster
testing(Nichols and Holmes, 2001) with 1000 iterations of random permutations, creating a
distribution of maximal voxel cluster sizes for t-values above or below threshold depending
upon the effect under evaluation, then retaining clusters in the original regression t-images
(one for each effect) whose size was above the top 95" percentile in the distributions of
maximal cluster sizes from the permutations. This significance permutation testing was done
for clusters from three separate thresholds of t magnitudes 2.0, 2.5 and 3.0 (with signs
appropriate to the effects, here all negative because increasing PiB, HA and their product all
lead to greater tissue loss) to assess differences in the strengths of the effects over the brain.

ROI-based analysis—We next performed regression analyses for mean log-jacobian
values over ROIs in participant native space. ROI selection was by the extent of overlap
between the significant clusters in template space and regions known to exhibit atrophy or
change for participants in the Alzheimer's trajectory(Braak and Braak, 1996, Chételat, et al.,
2013, Fletcher, et al., 2014, Kantarci, et al., 2014, Nestor, et al., 2003). We retained those
whose overlap was at least 15% of their volume in template space. ROIs on this list were
reverse transformed to each participant native brain and the mean values of annualized log-
jacobians there were used in multi-regression models to analyze the effects of continuous
PiB, continuous HA and their interaction on tissue change. To eliminate possible overlap in
native space of transformed ROIs due to imprecision of the spline deformations, we used a
“voting” scheme to assign native voxels to the highest probability among all deformed ROIls
or none of our list in native space. For each ROI, we evaluated models predicting log-
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jacobian ROI means involving HA. Let n denote HA, p denote PiB and Y the ROI mean log-
jacobian change. Then our regression model of log-jacobian change is expressed as

Y =089+B1p+Ben+Bspn.

If the product coefficient B3 is nonzero, the slope of the change in Y with respect to one
variable is altered when holding the other variable at a fixed value. For example, a fixed PiB
value and a nonzero f3 alter the slope of change with respect to HA according to the
formula:

Y:(50+lg1pﬁmed)+(/82+/35’pﬁzed)n

in which (% + /3 Prixed) IS the new slope for the effect of n. Similarly for the reverse. The
regression model involving two continuous variables and their product can only support a
symmetrical interpretation of the contributions of p and n because B3 applies to both factors
in the product term. To study possible difference in the effects of p and nwe also introduced
asymmetry, using regression models in which one variable was categorical (with negt OF Peat
present or absent, say peat = 1 or O for p above or below the PiB cutoff) with the other one
continuous. In these models one can visualize the difference in slope of change for the
continuous variable with and without the presence of the categorical. For example, if PiB is
categorical (the model with pyt and continuous n), the slope of change of Y with respect to n
is either B, (in the population where pgg: = 0) or By + B3 (in the population where peg =1).

ROls in template space were created in-house or adapted from well-known atlases. The
Brodmann ROIs were generated in-house by an experienced neurologist and have been used
in previous publications from our laboratory(Evan Fletcher, et al., 2013, Lee, et al., 2012).
Hippocampal ROIs were computed in native space by a multi-atlas based automatic
segmentation method(Aljabar, et al., 2009). Tissue compartments in each ROI were obtained
from a 4-tissue segmentation of the native space MRI, using a Bayesian maximal-likelihood
algorithm enhanced for sensitivity at tissue boundaries(Fletcher, et al., 2012).

Participant characteristics

Characteristics of the normal cohort are displayed in Table 1. There were 53 participants
with a mean age of 74.0 years, standard deviation 7.35. Gender distribution was 51% male.
Mean interscan interval (AScan = date 2 — baseline date) was 3.8 years, with median 2.7
years and 75! percentile 5.7 years. The mean DVR (brain PiB index) was 1.17 with
standard deviation 0.23. The mean interval between baseline scan date and PiB acquisition
date (APiIB = PiB date — baseline date) was 2.72 years. The range of this difference was
-2.15 t0 9.67 years, with the median being 2.0 years and 75! percentile being 4.5 years.
Cognitive scores of CDR and MMSE were close to expected values for normal participants
and changed little from baseline to date 1, with the exception of the biomarker-positive
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group A+HA+ whose CDR scores were larger and showed more than a two-fold increase at
the second scan. From Table 1, there were 23 PiB+ and 23 HA+ participants.

Voxel-based analysis

For an overview of atrophy rates in our normal cohort we calculated average log-jacobians
after normalizing interscan intervals to two years (Fig. 1). There were loss rates of 2-3% in
the genu of the corpus callosum, thalamus, caudate and neighboring periventricular areas,
portions of the cingulum and portions of the insula and the frontal cortices (Fig. 1), along
with changes of 1-2% in the splenium (Fig. 1, left) and gray matter regions of the temporal
lobes (Fig. 1, right). Next we tested for voxel-based multi-regressions effects of continuous
PiB, continuous HA and their interaction on log-jacobian change, controlling for age and
gender. There were no significant clusters at thresholds of t magnitude 2.0 or higher for
separate effects of PiB or HA in either set of models. However we found significant clusters
of effects for their interaction at t-magnitude thresholds of 2.0, 2.5, 3.0, 3.5 and 4.0.
Significant clusters for these interaction effects in template space are displayed in Fig. 2.
The figures suggest that the strongest correlations of tissue loss with PiB x HA occurred
posteriorly and medially, in and around the splenium and posterior cingulate cortex.

Analyzing our composite significant clusters for overlaps with ROIs relevant to change in
AD, we selected ROIs having overlaps of at least 15% of their volumes with significant
clusters for PiB x HA of threshold t > 2.5. The maps of these ROI overlaps are shown in
Fig. 3.

ROIl-based analysis with continuous HA and PiB

For ROI-based models we chose ROIs having overlap > 15% with significant clusters of
threshold t > 2.5 in our voxel analyses (see previous section), plus the hippocampus and
entorhinal areas (Brodmann 28 and 34) because these are implicated in early stages of AD.
Results are displayed in Table 2 for models involving continuous PiB, HA and their
interactions. The six ROIs yielded a total of 18 hypotheses to check for family-wise error
(i.e. at each ROI, the p-values for each single effect of PiB, HA and for PiB x HA). We
controlled for FWER < 0.05. Checking FWER for these hypotheses showed that the PiB x
HA effect survived for the splenium (starred entry in Table 2). Among the individual ROI
tests the splenium, posterior cingulate (BA 23), and retrosplenial cortex (BA 26-29) had
interaction effects with p < 0.05, significant for their model (bold). Additionally,
hippocampal atrophy showed a significant individual effect of PiB and the posterior
cingulate a significant single effect of HA.

To test whether generalized gray matter atrophy, as opposed to hippocampal volume, has an
effect on longitudinal atrophy rates, we repeated each of the analyses of Table 2 adding total
cortical gray matter volume, adjusted by regression against whole brain size, as a covariate.
This variable was never significant in itself and resulted in marginal changes of the p-values
for other effects. Of the effects in bold in Table 2, only that for the retrosplenial cortex (BA
26-29) went from significant (p = 0.0359) to trending at p = 0.07 with the addition of
cortical gray matter. And for BA 34, the effect of HA which was previously trending
became barely significant at p = 0.0419. In view of the variability both in AScan and APiB,
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we also repeated the regressions of Table 2 adding these as covariates. In every ROI, the
overall model fit was improved only marginally if at all. AScan was significant only in the
model of PiB and HA over splenium, while APiB was never significant. Finally, the pattern
of significance for PiB, HA and their interaction was the same in every case, including
survival after FWER correction.

ROI-based models with one categorical and one continuous variable

To further visualize the interactions of PiB and HA, we performed a third set of regressions
on change in the splenium, making PiB and HA each categorical in turn while holding the
remaining variable continuous. As in the previous regressions, log-jacobians were residuals
after controlling for age and gender. As discussed previously, PiB cutoff was set to 1.08.
The cutoff threshold for HA was the 90t percentile of adjusted hippocampal volume (HVa)
in an independent cohort of AD participants, equal to -0.24 in our AD cohort. HA+
comprised HVa values below this threshold (recall HA = -HVa). The resulting biomarker
subgroup sizes are shown in Table 1. Results of each model are graphed in Fig. 4 with
splenium atrophy vs. continuous PiB in high and low HA subgroups (left) and vs.
continuous HA in high and low PiB subgroups (right). In the left panel there is very little
relation between continuous PiB DVR and splenium atrophy in the low HA (blue) but a
strong negative correlation in the high HA (red). A similar set of relations is seen in the right
panel.

Discussion

We investigated the hypotheses that PiB, baseline hippocampal volume or their interactions
predict longitudinal brain atrophy rates in our normal cohort. An overview of atrophy rates
indicated group average losses in gray and white matter areas consistent with known
patterns of normal aging (Fig. 1). Strong losses in cortical gray confirm that the TBM
method is capable of picking up anatomically localized GM changes. We then analyzed
associations of atrophy with our biomarkers in voxel and ROI-based regression models.
Significant voxel clusters of association with PiB x HA occurred extensively in posterior
regions overlapping a large portion of the splenium as well the posterior cingulate and
retrosplenial cortex (RSC) (Figs 2, 3). Areas of strongest association between PiB x HA and
atrophy were generally different than areas of greatest average atrophy over the cohort
(compare Figs. 1 and 2). ROI-based regressions confirmed the significance of these ROIs in
separate models (Table 2). The splenium additionally survived FWER < 0.05. There were
further individual associations of PiB with hippocampal atrophy, and HA with posterior
cingulate atrophy (Table 2). Separate regressions involving continuous PiB with categorical
HA, and the reverse, reinforced the hypothesis that interaction of the two factors is
significant for atrophy rates in the splenium (Fig. 4).

These regions have been previously implicated in the Alzheimer's trajectory of brain
changes(Acosta-Cabronero, et al., 2010, Catheline, et al., 2010, Nestor, et al., 2003, Wang,
et al., 2006). The hippocampus, posterior cingulate and RSC are components of the “limbic-
diencephalic” circuit that appears to be an early target of AD degeneration(Acosta-
Cabronero and Nestor, 2014, Nestor, et al., 2003). These components tend to decline in
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concert(lIshii, et al., 2005, Nestor, et al., 2003), and DTI studies have indicated that white
matter tracts connecting them also suffer early vulnerability and decline(Acosta-Cabronero,
et al., 2010). Reduced WM integrity in the posterior cingulum has been identified as a
marker of early AD, contrasted with anterior cingulum decline as a marker of normal aging
(Catheline, et al., 2010). A volumetric study of ROIs specific to this region, BA 23, 29 and
30, showed that the extent of atrophy there was similar to the extent hippocampal atrophy
among a group with incipient AD, concluding that these regions may be specifically
vulnerable to AD pathology(Pengas, et al., 2010). We have previously reported that in a
cognitively normal cohort, longitudinal atrophy rates in the splenium, RSC and posterior
cingulate ROIs were correlated with reduced FA measure of WM integrity in the
fornix(Fletcher, et al., 2014). The splenium consists of connections to the posterior cingulate
and retrosplenial areas (i.e. BA 23, 29 and 30), as well as to primary visual and sensory
areas(Putnam, et al., 2010). Volume measurements of the splenium find significant
reductions, relative to normal controls, among normal participants with cognitive
complaints, MCI and AD(Wang, et al., 2006), and reduced FA in AD compared to
MCI(Mielke, et al., 2009). Conversely, the splenium is more robust against the effects of
normal aging and hypertension than more anterior portions of the corpus
callosum(Burgmans, et al., 2010). This may help explain why splenium atrophy rates were
the most strongly associated of any ROI with PiB x HA (Table 2) even though group
average splenium atrophy was modest, less for example than in the genu (Fig. 1).

Our present results among cognitively normal participants suggest that low hippocampal
volume in combination with elevated brain amyloid is strongly associated with accelerated
atrophy rates in posterior regions including the splenium and posterior components of the
limbic circuit. The strong effects of PiB x HA interaction are consistent with previous recent
results regarding the synergistic effects of amyloid and “neurodegeneration”(Jack, et al.,
2014, Kantarci, et al., 2014). They also parallel recent research implicating amyloid x
neurodegeneration in cognitive decline among normals(Mormino, et al., 2014), suggesting
that such early cognitive decline may correspond to brain injury from increased atrophy
rates catalyzed by PiB x HA. Future research will test this hypothesis directly. Consideration
of the biomarker models of amyloid and tau (Jack and Holtzman, 2013) may also suggest
the hypothesis that accelerated atrophy rates are catalyzed by interaction of amyloidosis and
tauopathy. This is consistent with our results, substituting HA for tauopathy, but the
involvement of tauopathy cannot be confirmed with our dataset. It awaits a study with larger
sample size that includes tau imaging.

Limitations

Although for each participant both MRI scans were done on the same scanner, different
scanner models were represented among all the participants in our available dataset.
Similarly, a range of intervals between MRI and PET acquisitions resulted from limitations
in our dataset. The variability in APiB and in AScan could challenge the assumption of
constant PiB over the participant scan intervals. Even so, the repetition of regressions with
and without these variables revealed little appreciable change, suggesting that the interaction
effects we found are robust to this variability. Another limitation is the small sample size,
roughly one-fifth or less of the other recent studies cited above for normal cohorts (Jack, et
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al., 2014, Kantarci, et al., 2014). This may have hindered the sensitivity to statistical effects,
especially for single effects of PiB or HA. That being said, our results for interaction effects
are robust and broadly consistent with those studies, and this provides validation for the
present study. There may also be a limitation related to the capabilities of the TBM method
used. For example, despite edge enhancement and intensity-consistent smoothing, it is
difficult to pick up significant localized changes in small structures like the fornix or
hippocampus that are bordered by CSF regions. Our results may therefore understate
changes in these structures. Finally, individual variation in cortical topography and resulting
mismatches when deforming to template image may have weakened statistical power to pick
up significant associations in cortical gray regions. We have attempted to compensate for
this possibility by our post-hoc intensity consistent smoothing of log-jacobian images in
template space (Studholme, et al., 2003). Nonetheless, our results may understate the
significance of GM region associations.

Conclusion

In a normal cohort, the combination of f-amyloid and baseline normalized hippocampal
volume is associated with increased rates of longitudinal tissue loss in specific regions that
overlap areas known to be vulnerable early in the Alzheimer's trajectory, including the
splenium and posterior portions of the limbic circuit. These regions emerged from a
voxelwise template-space analysis and were corroborated by regression models over ROIls in
native space. Neither amyloid nor baseline hippocampal volume showed large effects
without the other. The results are broadly consistent with previous studies of the effects of
amyloid and HA in normals, while specifically linking accelerated atrophy of AD-
vulnerable limbic and splenium regions to the interactions of amyloid and HA. These
atrophy patterns are detectable at an early preclinical stage.
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Highlights
«  Effects of B-amyloid, neurodegeneration on brain degeneration remain unclear
« In normals, their interaction is associated with increased longitudinal atrophy

» Highest association areas overlap key circuits vulnerable to Alzheimer's
pathology

e Overlaps include posterior components of default mode network and limbic
circuit

e Preclinical AD-signature atrophy from interaction of amyloid,
neurodegeneration.

» Detectability of these early effects may be valuable for biomarker intervention
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Fig. 1.
Average log-jacobians for normal cohort. Left: axial. Right: coronal. Color bars indicate
magnitude changes (approximately % change) over normalized two-year period.
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Fig. 2.
Significant clusters of association for PiB x HA vs. log-jacobian tissue change. Left: axial.

Right: sagittal. Color bar indicates magnitude of t-values for significant clusters.
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Fig. 3.
ROI overlaps with significant clusters of Fig. 1. Overlaps with clusters of significant

interaction PiB x HA, t > 2.5. Yellow: splenium. Purple, posterior cingulum (Brodmann 23);
Red: retrosplenial cortex (Brodmann 26-29).
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Fig. 4.
Plots of multi-regression models involving categorical HA with continuous PiB (left) and

categorical PiB with continuous HA (right). Blue and red show data for low and high HA,
respectively, plotted against continuous PiB (left) and low and high PiB, respectively,
plotted against continuous HA (right). Regression lines show the relation of splenium log-
jacobians in each category for the corresponding continuous variable. Log-jacobians are
residuals after controlling for age and gender. Categorical cutoffs: for PiB, 1.08; for HA,
-0.24.

Neurobiol Aging. Author manuscript; available in PMC 2017 April 01.



Page 19

Fletcher et al.

Author Manuscript

6.2 987 280 S0 €17 08¢ €5 S[eULION |1V
6'92 v8Z 89T €10 052 6v'e 1T +VH+Y
082 062  SL0 620 0z YR +VH-V
782 '8 TLO 080 80°c 0% 2T “VH+Y
182 €82 20 990 60°€ z8e 81 “VH-V
ZISWAL TISWIN 24aD  THaD  (S4esA) auljsseg—gid  (SJesA) [eAdsiu uedstau]l N AdoBsied Jexewolg

"(131e] sem uonisinbae gid sueaw aAnIsod) ueds auljaseq pue Bulbew gid usamiaq [eAldlul
awn abetane :auljaseg— did "ISINIA 10} AlJejIWIS “Sawil dn MOJ|0} PUB Buljaseq 1. ‘s8103S SaX0q 40 Wns ¥AD :ddD "SHOINI JO SUORIULSP 10} 18}
89S "aAnebau 1o annisod uoneiauabap jedwesoddiy :FvH ‘aanebau 1o aAnisod piojAwe :Fy :suoneinaiqqy dnoib Jaxtewolq Aq sonsislorieyd abelany

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Neurobiol Aging. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Fletcher et al.

Page 20

Table 2

Summary of models showing the effects of continuous PiB and continuous HA for log-jacobian mean atrophy
rates over specified ROIs. Individual model regression test significant effects are bold. Single star indicates
further significance at FWER <= 0.05. Abbreviations: BA 26-29, retrosplenial cortex (RSC); BA 23, ventral
posterior cingulate cortex; BA 28 and 34, ventral and dorsal entorhinal cortex.

ROI PiB HA PiB x HA
Splenium 0.1218 0.1531 0.0026*
Brodmann 23 0.4588 0.0242 0.0257
Brodmann 26-29  0.0840 0.4491 0.0359
Brodmann 28 0.7362 0.6760 0.7259
Brodmann 34 0.1158 0.0508 0.0668
Hippocampus 0.0170 0.2073 0.1525
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