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Abstract
Age related memory decline is the consequence of multiple biological factors that lead to brain
structural and functional change, including gray matter atrophy, white matter injury, and loss of
functional coordination between regions. However, the independent roles that each of these brain
changes play in mediating memory decline is not clear. Therefore, we used magnetic resonance
imaging (MRI) to measure gray matter volume (GM), white matter hyperintensities (WMH)
volumes, and BOLD fMRI based functional connectivity among default mode network nodes in
76 cognitive normal older adults. We found that GM, WMH and connectivity between left inferior
parietal and medial prefrontal cortex (MPF_LIP) were independently associated with episodic
memory performance. Within the group with GM volumes below the median, greater MPF_LIP
connectivity was associated with better memory performance, whereas this association was not
present for individuals with GM volume above the median. These findings confirm the
heterogeneous nature of brain-behavior relationships in cognitive aging. In addition, the
relationship between resting state functional connectivity and memory performance, particularly
amongst those individuals with more brain atrophy, strongly suggests compensation against the
effects of neuronal injury.
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Introduction
Decline in memory performance is a hallmark of the aging process.[11,12] Successful
performance on memory tasks, including encoding, consolidation, and retrieval, requires
recruitment of several brain regions within medial temporal[31,38,39], prefrontal, and
parietal cortical areas.[10,18,40] While activity in these regions tends to increase during
memory task performance, activity in an additional set of brain regions in the prefrontal,
parietal, precuneus, posterior cingulate, and medial temporal cortices, termed the default
network (DMN), correspondingly decreases [28]. Because BOLD fMRI based measures of
connectivity among nodes in the DMN are known to be associated with memory
performance in cognitively-healthy elderly individuals[4] [9], DMN connectivity has
emerged as a potentially novel and sensitive measure of subtle brain injury associated with
diminished cognition among otherwise healthy elders.

However, the independent value of DMN connectivity as a marker of age-related memory
decline is unclear because its reductions occur against a backdrop of aging-associated
neuronal injury [32][14]. Advancing age is associated with reduced integrity of white matter
(WM) in frontal regions that participate in memory function [25,27] as well as posterior
regions [20,21]; white matter hyperintensities (WMH) are common [47] and can reflect
damage to WM pathways required for memory performance [26]. Gray matter (GM) volume
loss across the brain in older adults is also prominent, especially in frontal regions required
for memory function [29]. Growing evidence suggests that both GM and WM injury may
independently contribute to age-related memory declines [2][15].

Thus, in the context of brain aging, it is unclear whether DMN connectivity reduction is
simply a downstream result of injury to the underlying neuronal architecture, a functional
consequence of neuropathology on cognition independent of structural injury to neurons
(e.g. functional toxicity[34]), a background factor that helps to buffer the brain against the
effects of neuronal injury, or some combination of all these factors. Addressing the
independent role that DMN integrity has on cognitive aging in the absence of clinical
impairment, therefore, may prove important to understanding some of the most basic
mechanisms by which older individuals either maintain memory ability or develop
impairment in memory.

In this study, we examined the independent effects of GM volume, WMH, and DMN
integrity on memory performance in a group of cognitively normal older adults. We
hypothesized that because aging-associated brain changes exacerbate neuronal dysfunction,
even among neurons that are not yet structurally injured, retained coordination among DMN
nodes would be associated with better memory performance even after accounting for the
effects of GM and WM injury on memory performance.

Materials and Methods
Participants

This study included individuals over the age of 60 who were clinically categorized as
cognitively normal using standardized criteria based on a multi-disciplinary clinical
evaluation (see Clinical Evaluation section). Participants who had unstable major medical
illness (i.e., any severe condition requiring emergency medical care at recurrent and
unforeseen times), major primary psychiatric disorder (history of schizophrenia, bipolar
disorder, or recurrent major depression), or substance abuse or dependence in the last five
years were excluded from the study. Chronic cardiovascular conditions that allow
independent daily functioning, such as hypertension and diabetes, were not excluded. Each
of the participants signed an informed consent approved by the University of California
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(UC) Davis Institution Review Board. A total of 76 participants were included in our study;
67(88%) were from community recruitment and 9 (12%) from memory clinic referral.

Clinical Evaluation
Each participant received a multidisciplinary clinical evaluation through the UC Davis,
Alzheimer’s Disease Center, which included a detailed medical history and physical and
neurological examination. All participants received a standardized neuropsychological test
battery (these diagnostic tests are distinct from the outcome measure used in analyses).
Participants who had no clinically significant cognitive impairment (defined as performing
better than −1.5 standard deviations below age and education adjusted means) were
considered to have normal cognition. The UC Davis institutional review board approved this
study, and all subjects provided written informed consent.

Structural MRI
Brain imaging was obtained at the UC Davis Imaging Research Center on a 1.5 T GE Signa
Horizon LX Echospeed system and at the Veterans Affairs Medical Center, Martinez, CA on
a 1.5 T Marconi system.

Segmentation of GM, white matter (WM) and cerebrospinal fluid (CSF) was performed on
native T1-weighted SPGR images by an in-house implementation of a Bayesian maximum-
likelihood EM method.[8] Non-brain elements were manually removed from FLAIR images
by operator guided tracing of the dura matter in the cranial vault. The resulting corrected
image was modeled as a mixture of 2 gaussian probability functions with the segmentation
threshold determined at the minimum probability between these 2 distributions, followed by
a single gaussian distribution fitted to the image data using an a priori threshold of 3.5 SD in
pixel intensity above the mean to identify WMH. Intrarater and interrater reliability of these
methods are high and have been published previously.[6]

The boundaries of the hippocampus were manually traced according to previously described
methods[7]. Intrarater reliability for both the right and left hippocampus using this method is
good, with intraclass correlation coefficients of 0.98 for the right hippocampus and 0.96 for
the left hippocampus.

Functional MRI
Image acquisition—Participants received resting echo-planar imaging (EPI) BOLD fMRI
scans with no specific instructions for 8 minutes using the following parameters: time
repetition (TR) = 2.0s; time echo (TE) = 40ms; flip angle = 90°; skip = 0 mm; slice
thickness = 5mm; 24 slices. This sequence provided 240 time points of time series data.

fMRI preprocessing—Temporal and spatial processing of the fMRI data were performed
in Statistical Parametric Mapping (SPM5, http://www.fil.ion.ucl.ac.uk/spm). The first four
time points were discarded to eliminate the non-equilibrium effects of magnetization.[35]
Images for the remaining time points were corrected for slice timing, aligned to the first time
point image to correct for head motion, then normalized to the MNI template and smoothed
with a Gaussian kernel (6 mm FWHM). Time points with large head motion, defined as
translation greater than 1.5mm and/or rotation greater than 1.5° were then discarded, and
participants with fewer than 178 total time points were excluded. Data were then de-trended
and filtered using Resting-State fMRI Data Analysis Toolkit V1.3 (REST1.3,
http://restfmri.net/forum/?q=rest). Specifically, time series at each voxel were band-pass
filtered to preserve frequency components between 0.01 and 0.08 Hz. Time courses of
estimated head motion parameters were regressed out of the resulting time series. In
addition, three mean time series were estimated by taking the average time series for all
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voxels labeled as WM, CSF, and the entire brain respectively. These three mean time series
were regressed out of each voxel’s time series [22,37].

ROI selection—In order to isolate the DMN from the rest of the brain, we followed the
steps below.

1. Since the posterior cingulate cortex (PCC) plays an important role in the DMN, a
functional connectivity (FC) map was initially computed for each subject using a
seed voxel (MNI coordinate: 1, −53, 26) in PCC. After the average time series of
all voxels within an 8mm sphere of that PCC seed was calculated, Pearson
correlation was performed between that time series and the time series of each
other voxel in the brain. A map of resulting Pearson correlation coefficients,
referred to as the PCC functional connectivity (FC) map, was then created.

2. A one-sample T test was applied to Fisher-Z transformed PCC FC maps of all
subjects and the resulting T statistics map was thresholded (T > 6.0) to identify
brain regions that were highly functionally connected to PCC. Significant clusters
were found in the remainder of the PCC, medial prefrontal cortex (MPF), and left
and right inferior parietal cortices (LIP, RIP). The voxel with the highest T value in
the each cluster (MPF, LIP and RIP) was then selected as seed voxels for
calculating FC maps.

3. The FC maps of MPF, LIP and RIP were calculated respectively for each
individual using the seed voxels created above, using the same method that was
used to obtain the PCC FC map.

4. One sample T tests were performed for MPF, LIP and RIP Fisher-Z transformed
FC maps respectively and the resulting T maps were all thresholded (T > 6.0).

5. An average T map was created by averaging the PCC, LIP, RIP, and MPF T maps.
The voxels with the maximum average T value within the PCC (MNI coordinate:
−3, −54, 30), MPF (−3, 63, 24) LIP (−45, −69, 39), and RIP (54, −66, 33) were
then identified and a 4 mm sphere around each of those voxels was defined as our
default mode network ROI.

6. Average time series for all voxels within each ROI were calculated. Pearson
correlation analyses between all possible pairs of ROIs were then applied. The
resulting correlation coefficients were Fisher Z transformed, and the absolute
values were then used in statistical analyses.

Outcome measure
Neuropsychological measures—Spanish and English Neuropsychological Assessment
Scales (SENAS) were used to measure specific domains of cognitive functioning.
Psychometric properties of the resulting scales have been published.[24] This study used the
SENAS episodic memory (EM) composite score, which included the average of two word
list tasks. This composite measured both learning (item acquisition) and delayed recall of
verbal memory. The scores consisted solely of number of correct hits with no adjustment for
false alarms.

Statistical analyses
The WMH, GM and hippocampal volumes were normalized by intracranial volume
(percentage of intracranial volume) to avoid confounding effects of head size. The WMH
volumes were also log transformed to better approximate a normal distribution for analysis.
Since GM and WMH are significantly correlated, a new WMH variable was created by
regressing GM against WMH; this adjusted WMH value was used in place of WMH in
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multivariate regressions with both variables as predictors1. In addition, since age is strongly
associated with some pathological processes which could exist in cognitively normal
adults[5], such as AD associated GM atrophy and cerebral vascular disease associated
WMH burden, we created a measurement of age that was independent of GM and WMH by
calculating the residual resulting from the linear regression of age against WMH and GM
volumes. This adjusted age variable represents brain injury burden that accumulates with
age but is not directly reflected in GM or WMH. Gender, education and adjusted age were
controlled for all multiple regression models, and the outcome measure was episodic
memory in every regression model. Initially, one regression model per MRI measure
(including connectivity measures, GM, and WMH) was performed to assess their
associations with episodic memory. Significant predictors in these single-MRI-predictor
models were all entered simultaneously into one multiple-MRI-predictor model to explore
their independent effects on memory. In addition, while hippocampal volume was not
significantly associated with episodic memory in the single-MRI-predictor model, we
estimated an additional multiple-MRI-predictor model including it due to the central role it
plays in the literature on healthy and pathological brain aging. For both multiple-MRI-
predictor models, we calculated the variance inflation factor (VIF) to assess the effects of
collinearities among predictors on model estimates. VIF values lower than 5 suggest
minimal effects of collinearity. Finally, correlations amongst the various brain measures
were also calculated.

Since initial analyses (shown below) suggested that both GM and MPF-LIP connectivity
were positively associated with cognitive performance, we tested the hypothesis that the
association between connectivity and memory performance may differ according to GM,
with connectivity helping to compensate against the damaging effects of low GM on
memory performance. First, we estimated a similar multiple-MRI-predictor model as above
with an interaction term for MPF_LIP and GM to assess whether the relation between
MPF_LIP and episodic memory varies linearly over the range of GM. Further, to assess the
possibility that the relation between MPF_LIP and episodic memory varies non-linearly
across the range of GM values, we split the sample into two groups according to median GM
volume and repeated multiple-MRI-predictor modeling separately in each group. Two
sample t-tests (for continuous variables) and chi-square tests (for categorical ones) were
used to detect differences in demographics, cognitive performance, and MRI measures
between the two groups.

Given that a subgroup of individuals had excessive movement resulting in removal of
individual images from their time series, reliability tests were performed for 66 participants
for whom time points had not been removed, using the same multiple-MRI-predictor models
as above.

All statistical analyses were performed in JMP8 (SAS institute, Cary, NC), and p values
smaller than 0.05 were considered statistically significant.

Results
Participant characteristics

A total of 76 cognitively normal individuals ranging in age from 62 to 91 years were
included in our study. The characteristics of the participants are shown in Table 1 for the
entire group and individual groups created by median split along GM volume as described
above. Individuals with GM volume below the median were significantly older, were more

1Note that this adjusted WMH variable does not indicate the raw WMH volume per se, but rather the component of the WMH
measurement that is not already reflected in GM.
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likely to be male, had significantly smaller hippocampi and performed significantly worse
on the EM task. Age was significantly associated with GM (r = −0.32, p = 0.005), WMH
burden (r = 0.35, p = 0.002) and episodic memory (r = −0.36, p =0.002) but not with any
DMN connectivity measure (all |r| < 0.1, p > 0.05).

Analyses in all participants
Relationship between individual MRI measures and episodic memory
performance—Single-MRI-predictor analyses controlling for gender, education, and
adjusted age were used to detect associations between EM and each brain structural measure
including GM, WMH, and hippocampal volume, as well as functional connectivity of each
ROI pair (MPF_RIP, MPF_LIP, PCC_MPF, PCC_PIP, PCC_LIP and RIP_LIP). Lesser GM
(p = 0.04) and higher WMH (p = 0.001) were each significantly associated with poorer EM,
whereas hippocampal volume was not (p = 0.51). However, MPF_LIP connectivity was
positively associated with EM (p = 0.009) (Table 2). Since MPF_LIP connectivity was
preferentially associated with memory function, further analyses relating default network
connectivity to cognition focused on this measure.

Correlations among MRI measures—No structural MRI measure was significantly
associated with MPF_LIP connectivity, including hippocampal volume (r = 0.07, p = 0.73),
WMH (r = 0.06, p = 0.55), and GM (r = -0.05, p = 0.75). However, there were significant
associations between hippocampal and GM volumes (r = 0.33, p = 0.005) and between GM
and WMH volumes (r = −0.34, p = 0.003).

Relationship between multiple MRI measures and episodic memory
performance—In multiple regression models including MPF_LIP connectivity, total GM
and adjusted WMH, controlling for education, gender and adjusted age, greater MPF_LIP
connectivity (p = 0.002), greater GM (p = 0.01), and lesser adjusted WMH (p = 0.002) were
still associated with greater memory performance (Table 3). Adding hippocampal volume as
a covariate to this model did not substantially change the results (data not shown).

In order to test the reliability of our analyses, we also performed the same multiple
regression analyses in the group of 66 subjects who had no time points removed due to
excessive head motion. This analysis confirmed the significant positive association between
EM performance and MPF_LIP connectivity (p = 0.003) and between GM volume and EM
performance (p = 0.02), as well as the negative association between adjusted WMH and EM
performance (p = 0.01). In addition, hippocampal volume and GM were still significantly
associated (r = 0.32, p = 0.01) in this smaller sample.

The variance inflation factors for the predictors in both multiple-MRI-predictor models were
all below 2, suggesting that collinearity among predictors had a minimal effect on model
estimates.

Analyses by stratified Gray Matter Volumes
In a multiple regression model with the same predictors as above (MPF_LIP, GM, adjusted
WMH, education, gender, and adjusted age), and an interaction term between GM and
MPF_LIP connectivity, the associations between the previous predictors and EM did not
substantially change, and the interaction term was not significantly associated with EM
(p=0.25).

In the group of individuals with GM above the median value, greater adjusted WMH was
associated with poorer memory performance (p < 0.001); whereas no significant association
was found between memory performance and MPF_LIP (p = 0.40). Conversely, in the group
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of individuals with GM below the median value, greater MPF_LIP connectivity (p = 0.002)
was associated with greater memory function, but the association between memory
performance and adjusted WMH was not significant (p = 0.32) (Table 3, Figure 2).

Analogous results were observed in the reliability analysis of 66 subjects without substantial
head movement. In the high GM individuals in this sub-sample (R2 = 0.60, p < 0.001),
greater adjusted WMH was significantly associated with poorer EM performance (p =
0.001), while in the low GM individuals in this sub-sample (R2 = 0.63, p < 0.001), greater
MPF_LIP connectivity was significantly associated with greater EM (p = 0.002).

Discussion
Although EM performance declines on average with advancing age, there is considerable
inter-individual variability [46]. Increased amounts of WM abnormalities and GM atrophy
commonly seen in cognitively impaired patients are also common to lesser degree in
cognitively normal elders, and recent studies have suggested that both of these are
associated with impaired memory performance among older individuals.[1] Our results
support and extend this notion to include evidence of a positive effect of retained inter-
regional connectivity on memory, especially in the presence of low GM volume.
Specifically, GM, WMH, and DMN connectivity were independently and additively
associated with diminished memory function. Among individuals with low GM volumes,
however, only greater connectivity was associated with greater memory performance,
possibly indicating compensation against the effects of neuronal injury.

The association between memory function and MPF_LIP connectivity supports multiple
lines of research involving fMRI at rest and during memory tasks. Task related fMRI studies
in humans and nonhuman primates suggest that frontal, temporal and parietal regions are
activated during memory performance.[13,44] These studies indicate that there is a well-
established network between posterior and frontal brain regions that subsumes major aspects
of memory function. Other resting state fMRI studies further support our findings by
suggesting that DMN connectivity is associated with memory function, and more
specifically, that the parietal node of the network is important for memory retrieval.[33] In
fact, reciprocal deactivation of the default mode network appears critical to memory
performance during activation memory studies of older individuals.[42]

The MPF and LIP nodes appear to be part of a memory-specific network, and additional
posterior nodes are likely also involved such as PCC and hippocampus.[45] However, we
only found moderately strong correlations between PCC and hippocampal regions that did
not extend to correlations between hippocampus and other DMN nodes, thus excluding the
hippocampus from the broader network (data not shown). There are several possible reasons
for this finding. First, hippocampal connectivity with the DMN and the PCC in particular,
may be strongly affected by cognitive state while at rest; for example, connectivity between
these nodes is significantly greater among individuals engaging in autobiographical memory
recall compared to those engaged in unguided introspection.[36] Since our participants were
given no instruction in this regard, our data likely represented a diversity of resting cognitive
states, reflected in diversity in hippocampus-PCC connectivity. Second, recent PET studies
suggest that a substantial minority of our older normal individuals may have possessed
significant brain amyloid that would also reduce this connectivity[16]. Moreover, we expect
that the prevalence of amyloid is likely to be higher among individuals with low GM
volumes. Finally, different memory tasks may be associated with different default network
regions. Our memory task, which required learning a list presented verbally, may instead
more strongly tap the prefrontal node.
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The specificity of our findings to the left hemisphere may also reflect the fact that our
memory performance was aurally presented with verbal response. Recent work suggests that
verbal memory retrieval performance maybe specific to left parietal cortical function.[23]

Current evidence shows that there are a number of individuals who remain cognitively
normal during life but have sufficient AD pathology to meet neuropathological criteria for
AD [5,30] at autopsy. The ability to retain normal cognitive function in the presence of brain
injury suggests that certain individuals possess some type of protective or functional
compensatory factor.[19] [41] We hypothesize that the association between DMN
connectivity and memory performance may have been relatively stronger among those with
greater levels of brain atrophy because DMN connectivity reflects a functional
compensatory factor that provides a buffer against the effects of brain injury on cognitive
function.

WMH volume, meanwhile, was not significantly correlated with DMN connectivity and had
its greatest impact on memory function in subjects with relatively high GM volumes. This
may be counterintuitive in light of growing evidence that WM integrity declines with
advancing age[43] and is significantly associated with impaired memory performance.[3]
The process by which WMH cause memory impairment, however, appears related to
impairment of frontal encoding and retrieval systems, and WMHs may more specifically
influence frontal systems through impaired connectivity with subcortical systems.(Lockhart
S et al. submitted) WMH, therefore, likely influences memory processing through a
mechanism that is distinct from DMN connectivity.

Our study, however, has limitations. First, this is a cross-sectional study and, consequently,
we can only show association and not causality. Second, our decision to perform a median
split based on gray matter volume—based on the notion that brain atrophy may indicate
early degeneration—was guided by statistical considerations more than specific anatomic
biological markers of early disease [17], although hippocampal volume was significantly
lower in the low gray matter group. Finally, the sample size was not sufficiently large to
examine potential interactions such as the interaction between WMH volume and atrophy on
MPF_LIP connectivity and memory performance. Further studies, therefore, might examine
the independent and combined effects of these processes on age-related differences in
memory performance.

In conclusion, these results support the hypothesis that the effects of WMH and GM atrophy
on memory performance are independent, and they additionally provide evidence that the
strength of functional connectivity appears to mitigate the impact of GM atrophy on memory
when individuals are cognitively normal. This suggests that the dynamics of memory decline
with age may be better understood by examining the interactions of all three as separate
processes. Further longitudinal study will help to elucidate the exact biological conditions
and significance of these interactions.
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Figure 1. ROI selection
T maps of each seed functional connectivity map with T threshold at 6.0 were presented; an
average T map was made according to these T maps, and the coordinates on the average T
map that had highest T values within the clusters were selected as the center of each ROI. T
values of each seed T map was indicated with colored bar next to it. Abreviations: PCC =
posterior cigulate; MPF = medial prefrontal; LIP = left inferior parietal; RIP = right inferior
parietal.
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Figure 2. Association between MRI measures and episodic memory performance among two
grey matter groups
Abrieviation: MPF_LIP = Connectivity between medial prefrontal and left inferior parietal
ROI region; WMH = White matter hyperintensities; GM = Gray matter.
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Table 1

Characteristics of participants

All participants N=76
High GM participants

N=39 Low GM participants N=37
Group Difference (P

value)

Age (years) 74.3(7.0) 72.6(6.4) 76.1(6.8) 0.02

Gender (Male/Female) 24/52 7/32 17/20 0.01

Education Years 12.5 (4.9) 11.9(5.7) 13.2(4.0) 0.28

MPF_LIP 0.30 (0.17) 0.31(0.18) 0.29(0.16) 0.56

Total GM (%TCV) 0.36(0.02) 0.38(0.01) 0.35(0.01) <0.001

Total WMH (%TCV) 0.005(0.006) 0.004(0.006) 0.006(0.007) 0.12

HV(%TCV) 0.004(0.0006) 0.004(0.001) 0.003(0.0005) 0.004

Word list learning I −0.23(0.85) 0.06(0.77) −0.56(0.81) 0.002

Word list learning II 0.07(0.74) 0.26(0.70) −0.14(0.73) 0.02

Episodic Memory* −0.06 (0.76) 0.17(0.69) −0.31(0.76) 0.005

Vascular Risk** 0.19(0.12) 0.20(0.12) 0.19(0.13) 0.73

Abreviations: Abbreviations: GM = Gray matter volume; WMH = White matter hyperintensities volume; MPF_LIP = Connectivity between medial
prefrontal and left inferior parietal region; TCV = Total brain volume. HV = Hippocampal volume.

*
Composite score of correct hits on Word List Learning I and Word List Learning II;

**
Vascular Risk: The percentage of 6 vascular risk factors or diseases reported clinically (diabetes, hypertension, hyperlipidemia, stroke, transient

ischemic attack and coronary artery disease).
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Table 2

Associations between MRI measures and memory performance in regression models with a single MRI
predictora

MRI Measure Estimate b (SE) R2 p-value

MPF_LIP 1.19 (0.43) 0.39 0.009

MPF_RIP 0.03 (0.48) 0.32 0.95

PCC_MPF −0.09 (0.35) 0.32 0.79

PCC_LIP 0.29 (0.35) 0.33 0.40

PCC_RIP −0.18 (0.32) 0.32 0.58

RIP_LIP 0.60 (0.37) 0.35 0.11

GM (%TCV) 8.59 (4.11) 0.36 0.04

WMH (%TCV)c −0.22 (0.06) 0.42 0.001

Hippo (%TCV) 91.2 (138.7) 0.34 0.51.

Abbreviations: GM = Gray matter volume; WMH = White matter hyperintensity volume; Hippo = Hippocampal volume; TCV = Total brain
volume; MPF = Medial prefrontal; LIP = Left inferior parietal; RIP = Right inferior parietal; PCC = Posterior cingulate.

a
Episodic memory: composite measure of Word list learning I and Word list learning II; Each row corresponds to a regression model that predicted

episodic memory from the MRI measure in the first column while controlling for education, gender and adjusted age (residual age against GM and
WMH); connectivity of each ROI pair are shown in absolute values after fisher Z transform of correlation coefficients

b
Unstandardized Beta coefficients from regression models carried out on original (unstandardized) variables.

c
Log transformed WMH percentage of TCV.
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