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ABSTRACT: Functional compensation in late life is poorly understood
but may be vital to understanding long-term cognitive trajectories. To
study this we first established an empirically derived threshold to dis-
tinguish hippocampal atrophy in those with Mild Cognitive Impairment
(MCI n 5 34) from those with proficient cognition (PRO n 5 22), using
data from a population-based cohort. Next, to identify compensatory
networks we compared cortical activity patterns during a graded spa-
tial working memory (SWM) task in only cognitively proficient individ-
uals, either with (PROATR) or without hippocampal atrophy (PRONIL).
Multivariate Partial Least Squares analyses revealed that these groups
engaged spatially distinct SWM-related networks. In those with hippo-
campal atrophy and under conditions of basic-SWM demand, expres-
sion of a posterior compensatory network (PCN) comprised calcarine
and posterior parietal cortex strongly correlated with superior SWM
performance (r 5 20.96). In these individuals, basic level SWM
response times were faster and no less accurate than in those with no
hippocampal atrophy. Cognitively proficient older individuals with hip-
pocampal atrophy may, therefore, uniquely engage posterior brain
areas when performing simple spatial working memory tasks. VC 2014
Wiley Periodicals, Inc.
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INTRODUCTION

The brain like most organs manifests both func-
tional redundancy and compensatory reserve (Tononi
et al., 1999). More than 80% of putamal dopaminer-
gic neurons are lost before Parkinsonian symptoms
arise (Dauer and Przedborski, 2003), and there are
well documented studies of substantive stroke (Das
et al., 2008), tumor (Vernooij et al., 2007), and head
injury (Grafman et al., 1988) that nonetheless remain
clinically silent. In the context of neurodegeneration,
several clinicopathological studies note that burden of
Alzheimer’s disease (AD) pathology is a poor predictor
of neuropsychological deficits (Davis et al., 1999;
Price and Morris, 1999; Knopman et al., 2003). For
example, a population-based investigation found that
30% of those with moderate or severe AD at death
were not demented at their final clinical interview
(CFAS-MRC, 2001). Presumably, those older individ-
uals with pathologically significant degenerative dis-
ease, but intact cognition, benefit from as yet poorly
understood compensatory processes (Stern, 2002;
Brayne et al., 2010).

Neuronal network reorganization is one possible
mechanism by which compensation may occur in the
aged brain (reviewed by Grady, 2012). Functional
neuroimaging studies of memory in older individuals
have suggested that bilateral prefrontal task-related
activity, in contrast to left-sided unilateral activity nor-
mally observed in young adults, may be implicated
(Reuter-Lorenz et al., 1999, 2000; Cabeza et al.,
2002; Grady et al., 2003; Morcom et al., 2003;
Cabeza et al., 2004). Alternatively, increased hippo-
campal activity in those at greater risk for dementia
has also been interpreted as part of a compensatory
process (Bookheimer et al., 2000; Dickerson et al.,
2004; Quiroz et al., 2010). However, it is not clear
whether these changes are adaptive or disease-related
(Persson et al., 2006; Stevens et al., 2008; Putcha
et al., 2011; Bakker et al., 2012), or even simply a
physiological age-related process (Buckner, 2004).

Here, we report that older individuals with wholly
intact cognition and hippocampal atrophy recruit very
different brain networks to successfully mediate spatial
working memory (SWM) compared to those with no
such atrophy. Unexpectedly, at basic SWM load, those
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with evidence of hippocampal degeneration outperformed those
with an intact hippocampus. This superior performance was
strongly correlated with greater expression of a posterior com-
pensatory network (PCN) that includes co-ordinated brain
activity in calcarine and posterior parietal cortical areas. We,
therefore, introduce the PCN as a network with potential func-
tional relevance to the successful performance of SWM in the
context of low mnemonic load and incipient hippocampal
neurodegeneration.

MATERIALS AND METHODS

Design

Two studies are reported here. In the first, we compare hip-
pocampal volume and morphometry between individuals with
Mild Cognitive Impairment (MCI, n 5 34) versus healthy
elderly with proficient cognition (PRO, n 5 22) to define an
appropriate volumetric threshold for hippocampal atrophy. In
the second study, we examine memory-related functional net-
works exclusively in the PRO group, comparing those with
(PROATR) and without (PRONIL) hippocampal atrophy.

Subjects

MCI and PRO subjects were recruited from the Sydney
Memory and Ageing Study. Detailed methodology for this
study can be found in (Sachdev et al., 2010). All participants
gave written informed consent and the study was approved by
the University of New South Wales Human Research Ethics
Committee. Subjects were aged between 70 and 85 yr, right-
handed (mean Edinburgh handedness laterality index 5 93;
SD 5 11.54) and of an English-speaking background. Exclu-
sion criteria included diagnosis of dementia (DSM-IV; APA,
1995) or a Mini-Mental State Examination (MMSE) score-
< 23 adjusted for age and education (Anderson et al., 2007),
psychiatric disorder, central nervous system disorder, and ace-
tylcholinesterase inhibitor treatment. Details about procedures
for Clinical Diagnosis are provided in Supporting Information.

Imaging Protocol

Structural T1-weighted images were acquired using a Philips
3T Achieva Quasar Dual scanner. Standard sMRI protocol
involved: (i) Scout mid-sagittal cut for AC-PC plane align-
ment, (ii) 3D T1-weighted structural (T1w TFE – turbo field
echo) MRI, acquired coronally with repetition time TR 5 6.39
ms, echo time TE 5 2.9 ms, flip angle 5 8�, matrix size 5 256
3 256, field of view FOV 5 256 3 256 3 190 mm3, and
slice thickness 5 1 mm with no gap between; yielding 1 3 1
3 1 mm3 isotropic voxels, (iii) T2-weighted fluid attenuated
inversion recovery (FLAIR) sequence, acquired coronally with
TR 5 10,000 ms, TE 5 110 ms, inversion time TI 5 2800 ms;
matrix size 5 512 3 512; slice thickness 5 3.5 mm with no
gap between slices, yielding spatial resolution of 0.488 3

0.488 3 3.5 mm3/voxel. Functional T2-weighted echoplanar
images were acquired on a Philips (Achieva X) 3.0 Tesla scan-
ner with an 8-channel SENSE head coil using an ascending
slice sequence (29 axial slices, repetition time 5 2,000 ms, echo
time 5 30 ms, 90� flip angle, matrix size 5 112 3 128, field of
view 5 112 3 112 3 240 mm, voxel size 5 2.14 3 2.73, slice
thickness 5 4.5 mm, 0-mm gap). Functional MRI (fMRI) pre-
processing steps are provided in Supporting Information.

Hippocampus Structural Analyses

A combination of gold-stand manual hippocampal tracing,
automated volume extraction, and surface-based deformation
analysis were performed.

Manual hippocampal volumetry

Expert tracing the hippocampus, blinded to temporal or
clinical information, was conducted using the “region of inter-
est” (ROI) tool in Analyze 8.0 (Mayo Clinic) based on individ-
ual’s T1-weighted structural MRI scans. All T1 images were
normalized by rigid body transformation onto a common tem-
plate to maximize standardization across subjects, and resliced
coronally, orthogonal to the sagittal long-axis of the hippocam-
pus. Tracing used a previously published protocol (Valenzuela
et al., 2008) adapted from (Watson et al., 1997). Values were
obtained for both the left and right hippocampi and summed
for total hippocampal volume.

Automated hippocampal volume extraction

This process was carried out using SPM5 (Statistical Parametric
Mapping, Wellcome Department of Imaging Neuroscience, Lon-
don, UK). First, the original T1 scans were checked for obvious
anatomical or positional abnormalities. Then images were bias-
corrected, segmented, normalized to standard MNI space and
modulated using the segmentation function of SPM5. Next, bilat-
eral hippocampal volumes were extracted by applying a hippocam-
pal mask generated from the Anatomical Automatic Labeling
(AAL) template to each individual gray matter map (Tzourio-
Mazoyer et al., 2002). Since we had both manual and automated
hippocampal volumes for the fMRI sample (correlation: r 5 0.78,
P< 0.001), we were able to apply a study-specific adjustment coeffi-
cient to automated volumes of the larger MAS study to correct for
template-based over-estimation. Whole brain volume was calculated
as the sum of grey and white matter plus CSF using SPM5 segmen-
tation tools as described previously (Wen et al., 2006).

Surface-based hippocampal morphometry

First, raw T1-weighted MRI scans were checked for obvious
anatomical or positional abnormalities. Second, a brain mask
was generated for each individual participant using SPM and
the brain volume extracted by applying their brain mask on to
the original image. Manual checking was performed to check
against errors. Left and right hippocampi were then segmented
using the Oxford Centre for Functional MRI of the Brain
(FMRIB)’s Integrated Registration and Segmentation Tool
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(FIRST), found within FMRIB’s Software Library (FSL) ver-
sion 5.0.2. FIRST is a model-based procedure for subcortical
segmentation and morphological modeling based on prior
knowledge gained from a large number of manually segmented
T1-weighted images (Patenaude et al., 2011). We used the
same method as previously applied to elderly individuals
(Erickson et al., 2009; Erickson et al., 2011). In brief, a stand-
ard spatial template (Montreal Neurological Institute, MNI)
was affine co-registered to the original image and results indi-
vidually manually checked. For each individual, left and right
hippocampi were then segmented, followed by automated con-
struction of a vertex-mesh model. Two group t-tests were per-
formed based on vertex-to-vertex analyses on both the left and
right hippocampus. Results were corrected for multiple com-
parison error using False Discovery Rate (FDR) correction.

fMRI SWM Paradigm

Subjects performed a visuo-spatial WM paradigm with progres-
sively increasing levels of difficulty. Figure 2A depicts the events and
timing of a single fMRI trial. Subjects were shown a 5 3 5 grid
upon which pictures and filler items were placed. Subjects were
asked to remember both the position and type of pictures depicted
(termed “targets” chosen for not being readily named). During the
maintenance epoch a fixation mask was presented before the
response screen was shown. Subjects were asked to respond yes/no
(via a button press) as quickly and accurately as possible as to
whether any of the pictures were present in the same position as in
the study screen. 14 such trials were conducted for each level of dif-
ficulty (easy, medium, and hard) per subject. This study was part of
a larger paradigm, which has been previously reported in detail by
(Kochan et al., 2011b). Examples of subjectwise SWM load calibra-
tion is available in Supporting Information.

Partial Least Squares (PLS) Network Analysis

PLS analysis produces a number of latent variables (LVs)
that attempt to maximally account for co-variance within the

neuroimaging 3 behavioral matrix. These LVs represent 4D
functional brain networks (varying across brainspace and the
temporal evolution of the task). Each LV has its own signifi-
cance (tested by permutation and bootstrap tests) and cross-
block covariance (the percentage of total covariance accounted
by the LV).

Expression units in a Group-PLS are termed “Design Scores”
by PLS software co-author McIntosh (McIntosh et al., 1996,
2004; McIntosh and Lobaugh, 2004). These represent relative
expression of a given spatiotemporal network when aggregated
across subjects and across trials for a prescribed group, and in
this case also at different mnemonic loads.

Expression units in a Behavioral-PLS are termed “Brain
Scores.” These represent relative expression of a given spatio-
temporal network at the individual subject level across trials for
a given mnemonic load.

These two different expression units are in arbitrary units
(AUs) and cannot be compared between types of PLS (nor
even between different experiments using the same type of
PLS). The absolute nature of the AUs is strongly influenced by
the degree of brain-behavior covariance in the data, and so will
be analysis-specific. Rather, like all PLS analyses, the units are
intended solely for revealing relative differences.

Group-wise or task-based PLS analysis was conducted on the
PRO group only using version 5.1102011 of the “plsgui” program
(http://www.rotman-baycrest.on.ca/index.php?section 5 84) for
MATLAB. Analysis involved separating the PROATR and PRONIL

groups and loading the respective pre-processed fMRI and behav-
ioral data files. Significance was tested after 500 permutation tests
and 100 bootstraps (Efron and Tibshirani, 1986). Further analyti-
cal details about PLS Latent Variables, as well as Behavioral PLS
and Seed PLS are presented in Supporting Information.

Statistical Analysis

Behavioral and sociodemographic data were analyzed using
the T-test or Chi-square procedures (controlling alpha at 0.05).

TABLE 1.

Sociodemographic and Clinical Descriptors of the fMRI Sample

Descriptor MCI (N 5 34) PROATR(N 5 17) PRONIL (N 5 5)

PROATR VS PRONIL

P-value

Age (yr) 78.0 (3.8) 77.9 (3.3) 74.7 (1.9) 0.057

Sex (%female) 60 58.8 40 0.46

Education (yr) 12.6 (3.9) 10.3 (2.5) 15.4 (4.8) 0.004

MMSE (/30) 27.9 (1.6) 29.4 (1.1) 29.2 (0.5) 0.76

Geriatric Depression Scale 1.1 (1.2) 2.62 (3.3) 1.8 (1.1) 0.61

APOE4 (presence %) 25.7 23.5 0 0.23

NART predicted IQ 107.2(10.3) 107.1 (7.8) 117.6 (7.3) 0.01

The PROATR group had significantly lower years of education and estimated premorbid IQ than the PRONIL group, however, the direction of this difference was
contrary to any possible explanation of their general cognitive proficiency. Chi-square tests were used to compare groups on sex and APOE 4. Independent t-tests
were used to compare groups for the remaining continuous variables. NART predicted IQ is based on the National Adult Reading Test (Ed 2). The MMSE score
includes adjustments for age and education.
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FIGURE 1. Hippocampal volumes in fMRI subsample in compari-
son to population-based cohort. (A) Template-based automatic extrac-
tion of hippocampal volume in the larger population-based Memory
and Ageing Study (MAS) in comparison to volumes in those individuals
in the fMRI substudy. There were no significant differences between
these groups (mean and 95% confidence interval shown). (B) Within
the fMRI subsample (N 5 57), based on blinded manual tracing, indi-
viduals with Mild Cognitive Impairment (MCI, n 5 35) had significantly
lower hippocampal volume than those with supra-normal cognition
(PRO, n 5 22, group means indicated by solid horizontal line). Within
the PRO group, discriminant analysis resulted in a volume threshold
(dashed horizontal line) that separated a subgroup with MCI-like hippo-
campal atrophy (PROATR, filled circles) from a subgroup without hippo-
campal atrophy (PRONIL, unfilled circles). Three individuals near the

threshold (half filled circles) were progressively included in sensitivity
analyses to establish that subsequent results were not dependent on this
arbitrary volume. (C) Examples of a PRONIL individual without hippo-
campal degeneration and PROATR individual with hippocampal volume
loss. (D) FSL-FIRST hippocampal surface morphometric analysis found
selective left-sided subicular atrophy in PROATR group compared to
PRONIL group. Left: uncorrected results, where arrows point from mod-
eled PROATR vertex toward matched PRONIL vertex, that is, direction of
change. Arrow colors depict statistical F-values, moving from warm
(non-significant) to cool (highly significant). Right: Results after False
Discovery Rate correction are focused on ventral surface of hippocampal
head. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Correlations (Pearson’s) and discriminant analysis were calcu-
lated using the PASW statistics 20.0 statistical software
package.

RESULTS

Study 1: Hippocampal Volumetric Threshold
Between MCI and Cognitively Proficient Elderly

Two groups of older individuals were recruited for a fMRI
substudy from the Sydney Memory and Ageing Study (MAS).
The first comprised those with overtly proficient cognition by
virtue of all test results on a comprehensive neuropsychological
battery falling above the 15th percentile according to published
norms: PRO, n 5 22, mean age 77 yr, 46% male, 39% of sub-
jects in the MAS population-based cohort met this criteria.

The second group comprised individuals meeting Mild Cog-
nitive Impairment (MCI) criteria (Winblad et al., 2004),
including amnestic and nonamnestic subtypes (MCI n 5 35,
mean age 78 yr, 60% female; further sociodemographic and
clinical details can be found in Table 1). Although not all indi-
viduals with MCI will develop dementia over time, those
affected have a significantly higher risk (Petersen, 2004), partic-
ularly when accompanied by biomarker evidence of AD pathol-
ogy (Jack et al., 2011), including hippocampal atrophy (Jack
et al., 1999), cortical fibrillar amyloid on molecular imaging
(Jack et al., 2008), or CSF-based AD protein changes (Shaw
et al., 2009).

On the basis of automated extraction of hippocampal vol-
ume, we first compared our entire fMRI sample (N 5 57) to
the larger population-based MAS cohort with MRI data
(N 5 487) and found no significance difference (Fig. 1A).
Hippocampal volume in our fMRI sample was, therefore,
representative of the general aged population in our geo-
graphical area. Next, whole brain volume (WBV) was calcu-
lated using automated segmentation of structural MR images
in addition to (blinded) manual tracing of hippocampal vol-
ume. As expected, we observed an 8% reduction in total
(left1right) hippocampal volume in the MCI group (manual
trace average 4907.2 mm3 6 SD 1009.0) compared to the
PRO group (5342.3 6 571.7, T-value 5 2.05, P-value 50.045
– Fig. 1B). In the absence of any significant WBV differences
(T-value 5 0.37, P-value 5 0.71), this was suggestive of selec-
tive hippocampal degeneration. Loss of hippocampal volume
is a well established in vivo AD biomarker, independently
contributing to prediction of prospective dementia (Jack
et al., 1999) as well as closely tied to post mortem measures
of AD pathology (Gosche et al.). However, given the large
amount of overlap in manually traced volumes between the
PRO and MCI groups in our fMRI sample, we employed an
empirically based linear discriminant analysis to determine the
optimal threshold for predicting group membership using this
measure alone. This cut-off was 5900 mm3 (Figs. 1B,C), and
resulted in an overall classificatory accuracy of 57%.

Study 2: Cognitive Proficiency Despite
Hippocampal Atrophy

Henceforth, our focus is solely on the PRO group, and we
used the hippocampal volume threshold above to distinguish
between two types of cognitively-proficient older individuals
(Fig. 1B): PRO without hippocampal volume loss (PRONIL,
n 5 5), and PRO with MCI-like hippocampal volume loss
(PROATR, n 5 17). Because no group differences were noted
on WBV (T-value 5 1.1, P 5 0.28), we considered atrophy as
an explanation for their significantly lower hippocampal vol-
ume (Fig. 1C). To support this interpretation, hippocampal
morphology in the PROATR and PRONIL groups was analyzed
using an automated surface-based mesh modeling approach
[FSL’s FIRST pipeline (Patenaude et al., 2011)]. We found
strong evidence for subicular deflation in the left hippocampus
of the PROATR group in comparison to the PRONIL group, a
result that survived vertex-based multiple comparison correc-
tion (Fig. 1D). Accordingly, a large proportion of our PRO
sample had evidence of hippocampal atrophy similar in magni-
tude to that seen in MCI, but no clinical or sociodemographic
explanation for their general cognitive proficiency (see Table
1). In fact, when specifically comparing the PROATR group
with the PRONIL on a panel of neuropsychological tests, per-
formance on only a single test was found to be significantly
worse (without multiple comparison correction – see Support-
ing Information).

Distinct Functional Memory Networks in Those
With Proficient Cognition and Hippocampal
Degeneration

A customized and graded spatial working memory (SWM)
fMRI paradigm was used to examine memory networks during
parametric variation of mnemonic load (Kochan et al., 2010,
2011a,b; Fig. 1D). Using this paradigm, we have shown that
the hippocampus is specifically engaged during encoding of the
task and is implicated in feature-binding spatial position with
visual details (Kochan et al., 2010), that behavioral perform-
ance degrades in MCI individuals compared to healthy elderly
and exhibit increased deactivation of default mode network
areas as memory load increases (Kochan et al., 2010), and that
this pattern can independently contribute to prediction of fur-
ther functional decline (Kochan et al., 2011a).

Partial Least Squares (PLS) multivariate fMRI analysis was
used to characterize whole-brain spatial and temporal network
differences between PRONIL and PROATR. PLS aims to identify
a parsimonious set of latent variables (LVs) that summarize the
interaction between brain states (e.g., fMRI timeseries) and an
experimental factor of interest (e.g., experimental condition or
performance on a test; McIntosh et al., 1996; McIntosh and
Lobaugh, 2004; McIntosh et al., 2004). Like other multivariate
techniques (Gonzalez-Castillo et al., 2012), PLS is a data-driven
approach well suited to studying distributed brain processes.

We first used task-PLS analysis to identify latent variables
that maximally distinguished our two PRO groups across the
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three SWM load conditions (easy, medium, and hard). This
yielded two significant latent variables (Fig. 2A): LV1 was
highly expressed in the PRONIL group, but virtually absent in

the PROATR group; LV2 was highly expressed in the PROATR

group but absent in PRONIL. Both networks followed an
“inverted U” polynomial-shaped function with increasing load

FIGURE 2.
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as previously described in several working memory studies
(Leung et al., 2004; Todd and Marois, 2004), however, with
very different spatial distributions (Fig. 2B). There was promi-
nent and replicable hippocampal involvement in the PRONIL

related LV1 network (accounting for 43.9% of covariance),
consistent with intact medial temporal lobe anatomy in this
group (Fig. 2C). By contrast, there was no consistent hippo-
campal involvement in the PROATR related LV2 network
(12.0% covariance), in agreement with observed atrophy of
this brain structure (Fig. 2D).

Sensitivity Analyses

To exclude the possibility that the particular hippocampal
volume threshold we used to define hippocampal atrophy had
led to arbitrary results, we carried out a set of sensitivity analy-
ses – in effect three additional task-PLS analyses where the
threshold between PRONIL and PROATR was systematically
lowered (see Fig. 1B). Whereas our first task-PLS was based on
17 PROATR subjects (and 5 PRONIL), these sensitivity analyses
included 16 PROATR subjects (6 PRONIL), or 15 PROATR (7
PRONIL) or 14 PROATR (8 PRONIL). The particular threshold
had no major influence on our results. These were highly con-
cordant, and in Figure 2D we show overlapping brain regions

from across all four task-PLS analyses. There was consistent
hippocampal involvement during SWM in PRONIL subjects
and no hippocampal involvement in PROATR subjects.

Posterior Compensatory Network Mediates Fast
Basic Spatial Working Memory

A number of criteria have been suggested in order to better
define a compensatory functional network (Valenzuela et al.,
2007). First, evidence of disease or injury is required, and sec-
ond, a change in network expression from the norm. We have
attempted to address these above. The third criterion is that
individual differences in compensatory network expression
should predict variation in a preserved cognitive domain.
Accordingly, we compared SWM performance in the PROATR

and PRONIL groups at easy, medium and hard memory load.
Contrary to all expectations, response times were significantly
faster in the PROATR group (with hippocampal atrophy) than
in the PRONIL group (without hippocampal atrophy), but only
during basic-level (i.e., one target) SWM (Table 2). Further-
more, PROATR individuals committed the same number of
errors as PRONIL individuals, and hence their increased
response speed was not by virtue of sacrificing accuracy.
Despite faster response times in the PROATR group compared

FIGURE 2. Differential network expression in cognitively pro-
ficient individuals with and without hippocampal atrophy during
graded spatial working memory task. (A) Graded spatial working
memory task. Figure shows timing of stimuli and example of a
“medium” or “hard” task (depending on individual performance
level) comprised 4 memory features. (B) LV1 network is highly
expressed in PRONIL group (n 5 5) and follows an “inverted U”
shaped function as SWM load moves from easy to medium to
hard; LV1 is negligibly expressed in PROATR group. Conversely,
LV2 network is highly expressed in PROATR group (n 5 17), fol-
lows a similar “inverted U” shaped function with load and is neg-
ligibly expressed in the PRONIL group. (C) Spatial distribution of
LV1 (left) and LV2 (right) networks in axial plane at a single time-
point during paradigm (lag 5 2, cluster threshold > 500 voxels for

LV1 and 100 voxels for LV2, bootstrap correction P < 0.05).
Salient parts of LV1 network include right hippocampus, entorhi-
nal cortex, middle occipital gyrus, superior and inferior temporal
gyrus and right thalamus. LV2 areas include bilateral caudate and
putamen, left superior parietal lobe, left middle occipital gyrus.
Left entorhinal cortex and hippocampus was also implicated in
LV2 in this analysis, but was not consistent across sensitivity anal-
yses as shown below. (D) Intersection across four different task-
PLS sensitivity analyses in coronal plane (PRONIL n 5 5/6/7/8 vs
PROATR n 5 17/16/15/14), highlighting consistent participation of
right hippocampus in LV1 network and absence in L2 network.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE 2.

Faster Spatial Working Memory Responses in Cognitively Proficient Elderly With Hippocampal Atrophy Than in Those Without

PRONIL PROATR

Response time (secs) Accuracy (%) Response time (secs) Accuracy (%)

Easy 1.61 (0.19)

97.1 (3.8)

1.26 (0.24) *** 96.7 (6.7)

Medium 2.60 (0.61)

68.6 (9.6)

2.45 (0.67) 78.7 (12.6)

Hard 2.88 (0.60)

64.3 (10.1)

2.67 (0.66) 70.1 (14.9)

Average (SD) response times and accuracy rates during SWM paradigm across 14 trials per memory load. All group T-tests at P< 0.05 significance and were non-
significant except for PROATR vs PRONIL on response times at easy level (*** P< 0.001).
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to PRONIL at the easy SWM level, when compared to response
times in our previous study of younger adults (Kochan et al.,
2011b), there was still evidence for age-related slowing on this
task (see Supporting Information).

We next performed a behavioral-PLS analysis in the PROATR

group specifically to identify a network whose expression was
related to spatial working memory response times under differ-
ent levels of memory load. A single significant LV was found
(multivariate P 5 0.04, 37.9% covariance) predominantly
expressed under low memory demand. In fact, in these condi-
tions the correlation between brain expression of this network
and faster SWM response times was exceptionally strong,
r 5 20.96 (P< 0.0001, Fig. 3B). No significant correlation
between network expression and SWM was observed at the
medium (r 5 0.50, P 5 0.06) or hard memory conditions
(r 5 0.05, P 5 0.86). Interestingly, the largest cluster within
this network comprised >9000 voxels, with a broad posterior
distribution inclusive of several occipital areas, posterior cingu-
late, superior parietal cortex and vermis (Figs. 3A,C).

A posterior compensatory network (PCN) was, therefore,
expressed in cognitively proficient older individuals who simul-
taneously exhibit hippocampal degeneration. This PCN pre-
dicted rapid and efficient response times during simple SWM
tasks. To further explore potential functional relevance, we
tested whether PCN expression during the easy memory load
was correlated with performance on other cognitive tests. PCN
expression was significantly correlated to superior Digit Symbol
coding performance (r 5 0.57, P 5 0.04 – Fig. 4A), independ-
ent of age (partial r 5 0.57, P 5 0.04), and showed near-
significant trends with better Trails Making B time (r 5 20.50,
P 5 0.07) and letter fluency (r 5 0.46, P 5 0.09). When these
two tests of executive function were combined into a summary
domain score, the correlation with PCN expression was near-
significant (r 5 0.53, P 5 0.06 – Fig. 4B). These results were
based on the PROATR grouping of n 5 14, and when subject
to sensitivity analyses were not completely consistent (correla-
tions with Digit Symbol varied from 0.37 to 0.57, and correla-
tions with Executive Function varied from 0.43 to 0.53). By
contrast, expression during moderate or difficult SWM was not
correlated with cognitive performance on any neuropsychologi-
cal test.

Calcarine is a Key Spatial Component of
Posterior Compensatory Network

Given the broad posterior distribution of the proposed
PCN, our next step was a series of seed-PLS analyses designed
to determine whether certain regions within this network
served as key spatial components, that is, individual cortical
areas whose covariance pattern resembled the covariance pat-
tern of the wider PCN. Six brain ROIs were analyzed based on
their maximal voxelwise significance level in the preceding anal-
ysis – the cuneus, calcarine cortex, precuneus, and different
parts of the parietal cortex.

As seen in Figures 4C–F, based on the Spatial Goodness of
Fit measure (Seeley et al., 2009) the network defined by a right

calcarine seed was spatially most similar to the overall PCN, by
a factor of almost 2-to-1. When combined with our observation
that calcarine cortical activity was correlated with faster SWM
response times during easy tasks (right Calcarine r 5 20.73, left
Calcarine r 5 20.84, see Fig. 3C), this brain region is likely to
have an important functional role within the PCN.

DISCUSSION

Cortical compensation in response to damage to medial tem-
poral lobe structures may be a key process in the maintenance
of cognitive function in later life but a more precise neuronal
network explanation has proven elusive. For the first time, we
show that a posterior compensatory network (PCN) is selec-
tively engaged by older individuals with hippocampal atrophy,
who despite this neuronal vulnerability, maintain neuropsycho-
logical proficiency. Moreover, expression of this network is
strongly correlated with more efficient basic-level SWM per-
formance, to the extent that these individuals are faster and no
less accurate on this task than their peers without hippocampal
atrophy. The calcarine occipital region and posterior parietal
cortex are key components of this newly described PCN.

In the realm of AD and brain ageing, biomarker research
has almost exclusively focused on in vivo estimation of neuro-
degenerative disease burden (Jack et al., 2010), with an under-
lying assumption that cognition in late life is a function of the
build-up (or absence) of disease. We used a degree of hippo-
campal volume loss commensurate with that seen in a
population-based cohort with MCI to define hippocampal
atrophy, an interpretation further supported by selective defla-
tion of the subiculum, a consistent finding in ageing studies
(Frisoni et al., 2008; Thomann et al., 2013). Yet for some time
post mortem studies have emphasized a disconnect between
AD pathology and antemortem cognitive state (Davis et al.,
1999; Price and Morris, 1999; CFAS-MRC, 2001; Knopman
et al., 2003). These studies indicate that about 30% of individ-
uals with significant AD pathology at death were cognitively
intact in life. The role of adaptive cortical reorganization in
response to chronic and progressive brain damage has by com-
parison received much less attention. Quite contrary to expect-
ations, our data shows it is indeed possible to have superior
mnemonic performance, albeit only at low mnemonic load, in
the presence of hippocampal atrophy when accompanied by
engagement of the PCN. A comprehensive approach to the
prognosis of cognitive function in aged individuals may, there-
fore, require consideration of both disease burden and compen-
satory brain processes.

The PCN identified here as relevant to basic-level SWM in
the presence of hippocampal atrophy does not appear to be
strongly expressed normatively. There was no evidence of a
similar network pattern being functionally relevant to SWM in
healthy older adults without hippocampal atrophy, however, we
recognize that this group was small. Our data suggest that these

8 MICHAEL ET AL.

Hippocampus



FIGURE 3. Posterior Compensatory Network (PCN) expres-
sion predicts fast and accurate spatial working memory perform-
ance during easy tasks in individuals with proficient cognition and
hippocampal atrophy. Spatial distribution of PCN in axial plane
at acquisition time of lag 5 2 is heavily posterior, including bilat-
eral secondary occipital cortex and posterior parietal lobe, and the
cerebellum (cluster threshold > 500 voxels, bootstrap correction
P < 0.05). PCN expression at lag 5 2 is strongly correlated with
fast and accurate completion of a SWM task when easy, but not at
more challenging memory demands. Spatial and temporal charac-
teristics of PCN. Three salient parts of the PCN (right and left
calcarine cortex, CAL, and superior parietal cortex, SPC) and a

negative control non-PCN region (right middle frontal lobe,
mFRL) are highlighted. Each graphs show how the correlation
between BOLD signal change (with respect to initial baseline sig-
nal) and SWM performance changes across the duration of the
trial (i.e., total of 13 whole-brain echoplanar acquisitions per trial,
labeled here as lags 0–12) and is distinct for each level of memory
load. For all parts of the PCN, there were strong negative correla-
tions with SWM (i.e., predictive of faster performance) at easy
mnemonic load, particularly early in the course of each trial at
Lag 2. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


individuals tended to engage a hippocampus-inclusive network,
particularly at intermediate memory demand levels. Normal
cognition in the aged may, therefore, arise from a “healthy

brain” that employs normative functional networks, or from a
brain with incipient degeneration reliant on the effective
engagement of the PCN and no doubt other compensatory

FIGURE 4. PCN expression may be linked to general cogni-
tive functions and calcarine occipital cortex is a dominant spatial
component. Scatterplots depict correlation between expression of
PLS-defined Posterior Compensatory Network during easy spatial
working memory task and: (A) Digit Symbol test and (B) Execu-
tive function summary score (PROATR 5 14). Seed-PLS was also
used to define: (C) right calcarine-related, (D) cuneus-related, and

(E) right angular gyrus-related networks (Lag 5 2, cluster thresh-
old > 100 voxels, bootstrap correction P < 0.05). (F) Spatial Good-
ness of Fit analyses found that the calcarine-related network most
closely matches the spatial distribution of the entire PCN in Fig-
ure 3. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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networks. By implication, longitudinal studies and clinical trials
that recruit “cognitively normal” aged individuals are at risk of
confounding two qualitatively different brain states that are
likely to exhibit distinct natural histories.

On the basis of spatial and functional criteria, the calcarine
cortex and posterior parietal regions were key parts of the
PCN. Activity in both these areas were strongly correlated to
faster SWM response times, specifically at elementary memory
load. Calcarine cortex is generally regarded as important for
primary and secondary visual processing, however, under atypi-
cal conditions, this region can undergo profound functional
plasticity. Transient, tactile-dependent activation of calcarine
cortex was found in young adults after being blindfolded for 5
days (Merabet et al., 2008), consistent with the observation of
primary and secondary visual cortex activation in blind individ-
uals upon the tactile stimulus of braille (Cohen et al., 1997;
Hamilton et al., 2000; Kupers et al., 2007). Stern et al. (2000)
also identified calcarine cortex as an important part of a com-
pensatory network that predicted relatively conserved recogni-
tion memory in AD patients.

Our findings are hence in stark contrast to those studies that
have reported bilateral prefrontal cortical activity in the aged as
part of a compensatory process (Park and Reuter-Lorenz, 2009).
It is noteworthy that these results were generally based on declar-
ative verbal memory tasks (e.g., Cabeza et al., 2002), whereas our
PCN results are based on a visuospatial working memory task
and so may represent a potential reason for this difference. How-
ever, it remains unresolved whether frontal “bilateralization” is
related to better (suggestive of a compensatory process) or worse
cognitive outcomes (network dysfunction; Grady, 2012). One of
the few fMRI studies to assess for disease burden in their aged
subjects (in the form of hippocampal atrophy) also noted greater
bilateral frontal activation under memory demand, however, this
combination was linked with declining memory proficiency
(Persson et al., 2006). As far as we are aware, our findings in sup-
port of a posterior compensatory network are the first to show:
(a) memory-related network change in cognitively-intact aged
subjects, that are (b) dependent on presence of hippocampal
atrophy, and (c) whose expression positively predicts conserved
(and even superior) memory function under tightly defined con-
dition of simplistic task demands.

These findings provoke some theoretical questions. First, it
is possible that individuals with hippocampal atrophy and
posterior compensation may in the future decompensate. For
example, this could occur through subtle disease or dysfunc-
tion targeting these same posterior cortical areas. Classical AD
pathology has for example been reported in the posterior cin-
gulate early in the disease process (Pengas et al., 2010) and is
suggested to underlie default mode dysfunction in MCI and
early AD (Greicius et al., 2004; Rombouts et al., 2005). The
posterior cingulate can be found within our PCN, and hence
degenerative disease that targets this brain region could poten-
tially be harmful to successful functional compensation. Sec-
ond, in those with hippocampal atrophy, the putative
stimulus for functional reorganization is a progressive lesion.
Our cross-sectional data, therefore, presents a limitation for

we cannot determine the temporal sequencing of hippocampal
atrophy and functional reorganization. We also cannot fully
account for the general cognitive proficiency of our subjects
with hippocampal atrophy on the sole basis of engagement of
the PCN. The PCN was highly specified for the mediation of
basic-level SWM, with only a suggestion of possible relevance
to cognitive control processes. Outside of more automatic
stimulus-driven working memory demands (i.e., when encod-
ing and retention of more than a single image-location pair
was required), the PCN was not expressed (Fig. 3) and there
was no corresponding performance advantage (Table 2). This
is related to a general limitation of PLS analyses, whereby the
first latent variable that accounts for the majority of brain-
behavior covariance is most likely to be statistically robust. In
our PLS analyses the primary latent variable was relevant to
only low level spatial working memory, whereas secondary
and tertiary latent variables with possible relevance to medium
and hard memory load were also found but did not meet sta-
tistical threshold. It is, therefore, likely that other as yet
unidentified compensatory networks interact with the PCN to
help maintain cognition in those with asymptomatic hippo-
campal atrophy. Finally, the multivariate PLS approach imple-
mented here does not model the haemodynamic response
function, and so whether the PCN is more specifically active
during easy-level encoding, retention or retrieval SWM proc-
esses is not determinate. Further research will be required to
clarify this issue.

Overall, our findings cast new light on the role of potentially
compensatory brain processes in individuals with hippocampal
atrophy. Surprisingly, when this PCN is strongly engaged, per-
formance on a basic-level spatial working memory task in those
with hippocampal atrophy can exceed performance in those
with a fully intact hippocampus. Accurate interpretation of an
older individual’s current brain state, as well as their future
mental prospects, may therefore, benefit from combining infor-
mation about cognitive function, disease burden, and scope for
compensatory functional reorganization.
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