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Abstract

Despite considerable evidence for deleterious effects of aging on place learning and memory, less
is known about the trajectory and the putative neural mechanisms of these decrements. The virtual
Morris Water Task (vMWT) is a human analog of a non-human spatial navigation task. The
present study investigated longitudinal changes in place learning in 51 healthy, non-demented
adults (age 30-83) who completed the vMWT and a neuropsychological battery at two time-points
(interval= ~8 years). We also assessed cross-sectional associations between vMWT and brain
structure, biochemical integrity, and standardized neuropsychological measures in a subset of 22
individuals who underwent MR imaging at follow-up. Despite no longitudinal decrement in
vMWT performance, there were cross-sectional age differences on the vMWT favoring younger
adults. Negative associations were observed between vVMWT latency and gray matter volumes in
the right hippocampus, bilateral thalamus, and right medial orbitofrontal cortex, and between
vMWT latency and white matter fractional anisotropy in the bilateral uncinate fasciculus.
Collectively, these results suggest a pattern of differences in the structural integrity of regions
supporting successful navigation even in the absence of longitudinal performance decrements.
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1. INTRODUCTION

Intact spatial learning and memory are important for older adults to independently and
successfully navigate complex environments. In survey research, older adults endorse self-
perceived difficulties with navigation and report using behavioral coping strategies, such as
avoidance of unfamiliar places and reliance on maps, to alleviate navigation problems
(Bryden, Charlton, Oxley, & Lowndes, 2013; Burns, 1999). Spatial navigation deficits are
also seen in individuals with mild cognitive impairment (MCI) and may be an early
indicator of Alzheimer’s disease (AD) (Gazova et al., 2012; Lacz6 et al., 2009; Hort et al.,
2007; delpolyi et al., 2007; see Lithfous, Dufour, & Després, 2013, for review).

Spatial learning and memory has been extensively studied in rodents using the Morris water
task (MWT) (Morris, 1981, 1984), a classic paradigm in which a rodent is placed in a large
pool of water and must navigate the environment to find a hidden escape platform.
Successful navigation in the MWT requires allocentric processing, in which the platform
location is situated in a framework external to the observer (e.g., coordinate space) (Wolbers
& Wiener, 2014). This is in contrast to egocentric representations, which provide
information relative to the particular perspective of the observer. Effective performance on
the MWT depends on the hippocampus (Morris, Garrud, Rawlins, & O’Keefe, 1982; West,
Coleman, Flood, & Troncoso, 1994; Redish & Touretzky, 1998), and age-related alterations
in hippocampal integrity have been linked to learning and memory deficits on the MWT
(Gage, Dunnett, & Bjorklund, 1984; Gage, Chen, Buzsaki, & Armstrong, 1988; Geinisman
et al., 1995; Geinisman, de Toledo-Morrell, & Morrell, 1986; Gallagher & Nicolle, 1993).
Thus, this task may provide a robust basis for cross-species comparisons of age-related
changes in spatial memory.

Although previous research using real-world analogues of the MWT have shown similar
navigation deficits in aging humans (Newman & Kaszniak, 2000; Laczo0 et al., 2009), life-
sized maze learning paradigms are challenging to implement because of space
considerations and older adults’ limited mobility. The use of virtual environments has
proven a fruitful alternative for exploring spatial learning and memory in humans. A
computerized version of the MWT (VMWT) allows individuals to take a first-person
perspective while exploring a virtual pool to find the hidden platform (Moffat & Resnick,
2002; Hamilton et al., 2002). Compared to younger adults, older individuals travel longer
distances to reach the platform, spend a smaller proportion of their total distance in the goal
quadrant, take paths with fewer platform intersections, and are impaired in constructing a
cognitive map of the environment (Moffat & Resnick, 2002; Driscoll et al., 2003; Driscoll et
al., 2005; Moffat et al., 2007).

Numerous cross-sectional studies have demonstrated age deficits in spatial learning and
memory, but only one known study has used a longitudinal design to assess changes in
spatial cognition. Lévdeén et al. (2012) implemented a four-month spatial navigation training
program and found that this training was associated with improved navigation performance
and maintenance of hippocampal volumes four months after the termination of training.
Meanwhile, a control group showed decreased hippocampal volume over the follow-up
interval. Collectively, these findings suggest that spatial navigation training may be
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protective against age-related changes to the hippocampus. While this study provides
important information about experience-related changes in hippocampal morphology, albeit
in a sample of older individuals not screened for cognitive impairment, no longer-term
longitudinal investigations of spatial navigation have been performed. Thus, to the best of
our knowledge, this is the first study to characterize the trajectory of changes in spatial
cognition within the context of healthy aging.

Subcortical structures including the hippocampus and striatum appear to be critical in
supporting spatial navigation abilities (Morris et al., 1982; Maguire et al., 1998; Ekstrom et
al., 2003; Devan, Goad, & Petri, 1996; Voermans et al., 2004; Moffat et al., 2007; Burgess,
2008). In particular, the hippocampus supports allocentric processing required for effective
navigation on the vMWT (Astur et al., 2002; Goodrich-Hunsaker et al., 2010; Bartsch et al.,
2010). Age-related structural and functional changes in hippocampal integrity may
contribute to poorer spatial navigation performance in older adults (Driscoll et al., 2003;
Moffat, Elkins, & Resnick, 2006; Antonova et al., 2009). In addition, increased age is
associated with lower use of allocentric spatial memory, as older adults tend to prefer
response strategies such as learning a series of movements relative to one’s starting position
(Bohbot et al., 2012; Rodgers, Sindone, & Moffat, 2012; Wiener et al., 2013); this strategy
does not require knowledge of the relationships between landmarks. In younger adults, use
of a response strategy is associated with striatal structures, particularly the caudate nucleus
(Bohbot et al., 2007; laria et al., 2003; Bohbot, laria, & Petrides, 2004). Consistent with an
age-related shift to use of a response strategy, structural and functional imaging studies
suggest that older adults may rely more heavily on the prefrontal cortex and other
extrahippocampal regions to successfully navigate an environment (Konishi et al., 2013;
Moffat et al., 2007).

The preponderance of studies exploring brain-behavior relationships using spatial navigation
paradigms has investigated gray matter structures (see Moffat, 2009, for review). However,
the integrity of white matter (WM) pathways is increasingly recognized as essential for
healthy aging (Gunning-Dixon & Raz, 2000; Gunning-Dixon, Brickman, Cheng, &
Alexopoulos, 2009; Guttmann et al., 1998; Bennett et al., 2010; Bennet & Madden, 2014).
Diffusion tensor imaging (DTI) allows for assessments of the integrity of white matter
connectivity in the brain by estimating diffusion along the major axis and two minor axes of
an ellipsoid. Normal aging is associated with lower fractional anisotropy (FA), a measure of
the degree of anisotropic diffusion, and higher mean diffusivity (MD), the average amount
of water diffusion across the three principle axes of the diffusion ellipsoid (Abe et al., 2002;
Gunning-Dixon, Brickman, Cheng, & Alexopoulos, 2009; Yoon, Shim, Lee, Shon, & Yang,
2008). In healthy aging, lower FA is observed particularly in the genu of the corpus
callosum and bilateral frontal regions (Barrick, Charlton, Clark, & Markus, 2010; Sullivan
& Pfefferbaum, 2003). AD patients, on the other hand, show more widespread alterations in
FA and MD, including in the parahippocampal gyrus, posterior cingulum, splenium of the
corpus callosum, and temporal WM (Barrick et al., 2010; Chua, Wen, Slavin, & Sachdev,
2008; Sullivan & Pfefferbaum, 2003; Naggara et al., 2006). The extent to which age-related
changes in WM microstructural properties affect spatial cognition is largely unknown.
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In addition to yielding structural assessments of brain integrity, MR imaging permits
evaluation of brain metabolite levels in vivo via proton magnetic resonance spectroscopy
(*H MRS). In particular, both healthy aging (Driscoll et al., 2003) and AD (Dixon, Bradley,
Budge, Styles, & Smith, 2002; Schuff et al., 1997; Schuff et al., 1999; Angelie et al., 2001)
are associated with lower hippocampal concentrations of N-acetylaspartate (NAA), a
compound thought to reflect neuronal functioning and viability (Moffett, Ross, Arun,
Madhavarao, & Namboodiri, 2007). A previous study using the vMWT (Driscoll et al.,
2003) found that impaired place learning was associated with lower hippocampal NAA/
Creatine (Cr) and lower hippocampal volume, suggesting that age-related neuronal loss or
changes in neuronal morphology may contribute to spatial learning and memory deficits.

The overall aim of the present study was to create a comprehensive description of
neuropsychological, morphometric, and neurochemical features associated with spatial
learning and memory within the context of normal aging. We quantified age-related changes
in learning and memory on the vMWT over an average interval of eight years in adults
ranging in age from 30 to 83 years at baseline and compared performance on the VMWT to
performance on standardized neuropsychological tests commonly employed to assess
cognition in humans. We hypothesized that vMWT performance would be associated with
measures of episodic memory, visuospatial ability, and executive functioning but not with
tests of attention or language. In addition, we performed assessments of the underlying
structural (volume and white matter microstructural organization) and biochemical
(metabolite concentrations) brain integrity at the follow-up visit in a subset of the returning
participants. We hypothesized that impaired spatial navigation would be associated with: 1)
lower gray matter volume in the hippocampal formation and prefrontal regions previously
implicated in successful spatial navigation; 2) reduced FA in the uncinate fasciculus, which
connects the anterior temporal lobe to prefrontal cortical areas; and 3) lower hippocampal
NAA/Cr, indicating reduced neuronal viability.

2. METHODS

2.1. Participants

The final sample included 51 adults from the Baltimore Longitudinal Study of Aging
(BLSA) who participated in a previous study investigating place learning in older adults
(Moffat & Resnick, 2002); none had participated in the BLSA Neuroimaging substudy.
Participants ranged in age from 30 to 83 years at baseline (M = 59.7) and were recalled for
follow-up testing an average of 7.8 years later (see Table 1). BLSA participants are
generally healthy, community- dwelling volunteers who periodically (age <60 every 4 years;
age 60-79 biennially, and age 80+ annually) return to the National Institute on Aging (NIA)
for thorough medical, physiological, and neuropsychological evaluations (Shock et al.,
1984). The BLSA visit involves a comprehensive assessment of physical and behavioral
health over a two to three day period; given the complexity of scheduling a variety of
procedures, the order of assessments (vMWT, neuropsychological testing, MRI) was not
fixed for participants in the current sample. Attempt were made to minimize potential
impact of fatigue on the VMWT or neuropsychological testing. Participants stayed in the
clinical research unit, where the testing is also performed, for the duration of the visit,
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allowing them to rest as needed between examinations. All participants were screened for
dementia based on results of physical, neurologic, and neuropsychological examinations
(Kawas et al., 2000); diagnoses of dementia and Alzheimer’s disease (AD) followed DSM-
I11-R and National Institute of Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders (NINCDS-ADRDA) criteria, respectively.
Participants who met criteria for probable (n = 1) or possible (n = 3) AD at follow-up were
excluded from analyses.

Participants of the original place-learning study, the results of which have been previously
published (Moffat and Resnick, 2002), were asked to partake in the present study when
returning for their regularly scheduled BLSA visit and recruited over a period of four years.
Of the original 86 participants who completed the place-learning task, 52 were recruited.
One participant was excluded on the basis of computer malfunction and no viable place
learning data obtained at the second time point. Three original participants withdrew from
the BLSA in the interval between baseline and follow-up. Two refused to participate as they
were no longer traveling to the NIA for BLSA visits due to advanced age (90+ years of age)
and frailty. There were no significant differences in sex, age at baseline, education,
depression scores or Mini-Mental Status Exam (MMSE, Folstein et al., 1975; although
MMSE is obtained in the BLSA only for participants age 60 and older) between the group
that returned for a follow-up visit compared to those we were unable to recruit or schedule
for follow-up. However, there were significant differences between these two groups on four
of the 10 neuropsychological assessments performed (Card Rotations Test, p = .05; Benton
Visual Retention Test, p = .04; Category verbal fluency test, p = .007; Trail-Making Test A,
p = .005), with participants who did not return for follow-up having poorer performance
than those who returned. Despite this, only performance on Trail-Making Test A (Reitan,
1992), a measure of attention and processing speed, survived Bonferroni correction for
multiple comparisons (p = .04, corrected). Of the 52 recruited at follow-up, 22 agreed to
undergo MR imaging and the sample was divided into middle-aged (< 60 years; age range
40 - 59 years (M = 50.8); N = 9; 3 males) and older (= 60 years; age range 60 — 78 years (M
=67.9); N = 13; 6 males) adults for analyses purposes.

2.2. Procedures

2.2.1. Neuropsychological Testing—At each visit, participants completed a thorough
neuropsychological battery in a single testing session lasting 2 hours. The
neuropsychological battery was designed to assess performance across five cognitive
domains: 1) Memory. The California Verbal Learning Test (CVLT) (Delis et al., 1987) is a
list learning task that assesses verbal episodic memory. List A immediate (sum of five
immediate recall trials) and delayed recall scores were used. The Benton Visual Retention
Test (BVRT) (Benton, 1968) requires participants to reproduce designs after a brief viewing
period. This is a test of non-verbal episodic memory. 2) Attention. Digits Forward
(Wechsler, 1981) involves presentation of a string of numbers that a participant must repeat
back to the examiner. Trail-Making Test A (Reitan, 1992) requires participants to connect a
set of dots in sequential order as quickly as possible without making mistakes. 3) Executive
Functioning: Digits Backward (Wechsler, 1981) requires participants to listen to a string of
numbers and repeat them backward. Effective performance requires working memory
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abilities. In Trail-Making Test B (Reitan, 1992) participants must connect dots alternating
between numbers and letters. This assesses ability to flexibly switch between mental sets, a
component of executive functioning. 4). Language. Letter verbal fluency test (VFT-L)
(Benton, 1968) requires participants to name all of the words they can think of that begin
with a letter. Category verbal fluency test (VFT-C) (Newcombe, 1969) assesses a
participant’s ability to name words within a given semantic category. 5) Visuospatial
Abilities. The Card Rotations Test (Wilson et al., 1975) requires participants to mentally
rotate objects in two-dimensional space.

2.2.2. yYMWT—The vMWT was designed with a modified version of the Game Creation
System (Pie in the Sky Software, Fairport, NY). The task was administered on a Dell IBM-
compatible Pentium Il computer with a 17-in (43.2 cm) monitor. Participants completed the
VMWT in a separate session from the neuropsychological testing but during the same BLSA
visit. The entire administration took approximately 30 minutes, including joystick training
and practice trials. The participant was seated in a chair so that the head was approximately
50 cm from the monitor. The vYMWT was presented from a first-person perspective. The
room consisted of a circular pool of water placed within an irregularly shaped room with
several distal objects that could be used as visual cues to guide navigation (Figure 1). All
scoring of the vMWT task was fully automated. A software program recorded the
participant’s coordinate position and heading direction in degrees every 20 ms. This
information was used to calculate total distance traveled and total time to reach the platform
on the learning trials, distance traveled in the goal quadrant and percentage of time spent in
the goal quadrant on the probe trial, and speed of movement.

2.2.3. VMWT Pretest Training—Participants completed pretraining in a virtual
environment consisting of two rooms with objects situated on either end of the
interconnected hallways to familiarize them with the computerized environment and the use
of a joystick. After experimenter instruction, participants were allowed to freely explore the
virtual environment. After this initial practice session allowing participants to become
familiar navigating a virtual environment using a joystick, a practice VMWT was presented.
The practice MWT was smaller than the test vMWT but otherwise similar in design and
configuration, including visual objects that could serve as distal cues. The location of the
platform and the types of visual objects in the practice vYMWT were different than in the test
vMWT. Participants completed five practice trials of the vMWT, with the platform
alternating between being visible and hidden. This pretest training was performed at both the
baseline and follow-up visits.

2.2.4. vMWT Learning Trials—A square platform was hidden beneath the surface of the
water, and participants were instructed to locate the platform as quickly and accurately as
possible. Upon crossing over the platform, the platform became visible and elevated above
the pool. The platform remained elevated for a 12-second interval during which time the
participants could freely scan the environment, although they were not explicitly instructed
to do so. After the 12-second interval, a new trial began with the participant starting from a
different area of the pool. Participants were informed that the platform remained in the same
location on each trial and were instructed to try to remember its location. Each trial began
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with the participant facing a different direction and being located in one of the three
quadrants of the pool that did not contain the platform. Participants completed six learning
trials.

2.2.5. vMWT Probe Trial—Following the completion of six learning trials, participants
completed a probe trial in the same environment. In this trial, the platform was removed but
participants were not told that it was missing. Participants were given 60 seconds of search
time. The proportion of time spent and distance traveled in the vicinity of the platform is a
measure of participants’ memory for the platform location. Performance at or below chance
on the probe trial (i.e., 25% of time or path distance in the goal quadrant) is an indication
that a participant did not learn the platform location.

2.2.6. vMWT Visible Platform Trial—After completing the probe trial, participants were
placed in the same room but with the platform visible above the surface of the water. They
were instructed to navigate to the platform as quickly and accurately as possible. This trial
required focused attention, visuomotor integration, joystick control, and other abilities that
may be impaired during aging. Thus, performance on the visible platform trial was used to
control for perceptual or motor capabilities that may have affected vVMWT performance
independently of place learning.

2.2.7. Magnetic Resonance Imaging (MRI)—AIl imaging was performed on a 3T
Philips MRI system at the Kennedy Krieger Institute. Of the 52 participants recalled at
follow-up, 22 agreed to undergo MR imaging as a part of their follow-up assessment. Data
for one participant was excluded from analysis due to low quality of images.

2.2.8. Volumetric Analysis—T1-weighted images were acquired with a 3D
magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence (sagittal
acquisition: SENSE factor 2, 1 mm isotropic voxels, 256 x 256 mm field of view, TR =
2300 ms, TE = 3 ms, flip angle = 8°) obtained at the beginning of each imaging session.
Cortical surface reconstruction and volumetric segmentation was performed using
FreeSurfer (version 5.1; Laboratory for Computational Neuroimaging, Martinos Center for
Biomedical Imaging, Boston, MA,; http://surfer.nmr.mgh.harvard.edu). Technical details of
these procedures are described in prior publications (Fischl et al., 2002; Fischl et al., 2004).
Briefly, this processing includes segmentation of subcortical white matter and deep gray
matter volumetric structures as well as transformation of each participant’s reconstructed
brain to an average spherical surface representation to permit automatic parcellation of the
cerebral cortex. Regional labels were automatically assigned on the cortical surface model
based on probabilistic information using the Desikan-Killiany Atlas (Desikan et al., 2006).
Regional brain volumes were quantified and entered into SPSS statistical software for
analysis.

2.2.9. 1H MRS—Axial T1-weighted images were acquired for voxel placement. Spectra
were acquired from two 8cc (2 x 2 x 2 cm) voxels placed in the posterior left and right
hippocampus respectively. Spectra were acquired with a point resolved pulse sequence
(PRESS TR = 2000 ms, TE=35 ms, 1024 points, 2000 Hz spectral width, 256 averages, scan
time 8 min 34 sec). Sixteen averages of unsuppressed water spectra were also collected with
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the same parameters. Water suppression was achieved using three chemical-shift selected
(CHESS) presaturation pulses. All sequences were within FDA guideline SAR limits of 3.0
Watts/kg average power deposition for head imaging. Water suppressed single voxel spectra
were analyzed using fully automated, standard curve fitting software, LCModel
(Provencher, 2001), to determine values of NAA (neuron-axonal compound), GIx
(glutamine + glutamate), Cho (choline, related to inflammation and demyelination, amongst
other processes), Cr (measure of cellular energy currency) and ml (myo-inositol, present in
glial cells predominantly). The average Cramer Rao lower bounds (CRLBSs) were calculated
by LCModel for each fitted metabolite, and all of the metabolite concentrations were
estimated with CRLBs lower than 20% of the calculated concentrations. Spectra were
analyzed blinded to the subject status. Values were expressed as ratios with creatine (e.g.,
NAA/Cr, GIx/Cr) for statistical analysis.

2.2.10. DTI—A 3-minute 30 seconds diffusion tensor imaging (DTI) sequence was
acquired at the end of the MRS scanning procedure, involving a spin-echo dataset with 60
interleaved slices, each 2.2 mm thick, with a field of view of 212 mm x 212 mm with a 96 x
96 matrix, providing continuous whole brain coverage (TE 69 ms; TR 6.1 s). Following an
acquisition without diffusion sensitization (b = 0 s mm~2), images were acquired with
diffusion gradients acquired (b = 700 s mm~2) in 32 directions. Although this is not as
sensitive as many currently used DTI pulse sequences, 32 directions was a standard DTI
protocol at the time the data were acquired. DTI data were analyzed using the Tract-Based
Spatial Statistics (TBSS) pipeline from the FMRIB Software Library (FSL) (Smith et al.,
2006). Briefly, images were realigned to remove distortions. FA images were created by
fitting a tensor model to the raw diffusion data using FDT (Behrens et al., 2003a; Behrens et
al., 2003b) and then brain-extracted using BET (Smith, 2002). All participants’ FA data
were aligned into a common space using nonlinear registration and were visually inspected
for errors in normalization. The individual FA maps were averaged to create a group-
averaged FA map, which was thinned to create a skeleton of white matter tracts. Each
participant’s aligned FA data were then projected onto this skeleton. The resulting data were
used for cross-subject statistical analysis. Voxelwise statistics were performed using a
permutation-based inference tool for nonparametric statistical thresholding (FSL’s
Randomise) (Winkler, Ridgway, Webster, Smith, & Nichols, 2014). Voxelwise correlations
between vMWT performance and FA were performed, entering age and vMWT speed of
movement as covariates. The statistical threshold for significant clusters was set to p <.001,
uncorrected. This uncorrected threshold was selected because we had a priori predictions
about associations between uncinate fasciculus microstructural organization and spatial
learning and memory. Controlling for family-wise error prevents spurious discoveries but is
very conservative and sacrifices sensitivity for increased specificity (Schwartz et al., 2014).
As this is one of the first studies to investigate associations between WM microstructural
integrity and vMWT performance, and our imaging sub-sample is modest, we used an
uncorrected threshold and consider our findings exploratory. Significant clusters were
identified using a DTI-based atlas of human white matter (Mori, Wakana, Van Zijl, &
Nagae-Poetscher, 2005).
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2.2.11. Statistical Analyses—Analyses were performed in IBM SPSS Statistics Version
20 (IBM Corp., released 2011). Inspection of VMWT summary variables (e.g., total latency
and distance over learning trials, latency and distance in probe trial goal quadrant) showed
that they were positively skewed. A logarithmic transformation was applied to meet the
statistical assumptions of normality (Manikandan, 2010; Moffat et al., 2007).

3. RESULTS
3.1. Age-Related Changes in Performance on the vMWT and Neuropsychological Battery

The effects of age-related changes in spatial navigation performance were assessed using a
general linear model with sex, baseline age, and duration of follow-up interval as between-
subjects variables, time (baseline or follow-up) as a within-subjects variable, speed of
movement as a covariate, and total latency to complete the vMWT (sum of latencies for the
six learning trials) as a dependent variable. There was no significant main effect of time
(baseline to follow-up) on latency to complete the VMWT, F(1,34) = 2.23, p = .15, 95% CI
[-.20, .07]. Main effects of age (p = .14) and sex (p = .23) were not significant, nor were the
interactions between time and age and between time and sex (p’s > .05). Additionally, there
was no change between baseline and follow-up in total distance on vVMWT learning trials
nor percentage of time or distance spent searching in the goal quadrant on the probe trial
(p’s > .05) (Figure 2). Three participants at baseline and two participants at follow-up
performed at or below chance on the probe trial (i.e., less than 25% of time or distance in the
goal quadrant); however, excluding these individuals from the sample did not alter the
overall pattern of results. Participants showed considerable variability in the change in total
latency (M = 36.2, D = 205.3) and distance (M = 25.2, SD = 191.8) to complete learning
trials. Intra-individual trajectories of change in vMWT total latency (after regressing out
effects of swim speed using separate linear regression models for baseline and follow-up)
are depicted in Figure 3.

To assess the effects of age and sex on vVMWT performance cross-sectionally, we performed
general linear models for baseline and follow-up separately, using vMWT summary
variables (e.g., total latency, total distance, probe trial latency or distance) as the dependent
measures, age and sex as independent variables, and VMWT speed of movement as a
covariate. At baseline, there was a significant main effect of age, F(1, 37) = 7.8, p = .008,
while the main effect of sex was not significant. There was also a significant main effect of
age on total vYMWT distance, F(1, 37) = 5.5, p =.03. No effects of age and sex on probe trial
performance were significant (p’s > .1). At follow-up, there was a significant effect of age
on total distance to complete the vMWT learning trials, F(1, 40) = 8.4, p = .006, but there
were no significant effects of age or sex on total latency or probe trial performance (p’s > .
1).

Pairwise comparisons were performed between neuropsychological tests administered at
baseline and follow-up in order to identify age-related changes in cognition (Table 1).
Participants showed a significant decline in performance on the CVLT, t(31) = 3.12, p=.04
(Bonferroni corrected), and the BVRT, t(32) = —-3.87, p = .009 (Bonferroni corrected). There
were no significant age-related changes in performance on other neuropsychological tests,
and associations between vVMWT performance (e.g., total latency, total distance, probe

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



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korthauer et al.

Page 10

latency, probe distance) and neuropsychological tests were not significant at baseline or
follow-up after controlling for age.

3.2. vMWT Performance and Regional Brain Volumes

As MR imaging was performed at the follow-up visit, only follow-up vMWT data were used
in the following analyses. Brain volumes previously found to be associated with spatial
navigation abilities were selected for analyses based on a priori hypotheses. These regions
included the hippocampus, parahippocampal gyrus, retrosplenial cortex, caudate nucleus,
thalamus, posterior cingulate gyrus, lateral orbitofrontal cortex, medial orbitofrontal cortex,
and middle frontal cortex (see Moffat et al., 2009 for review). The association between
vMWT performance and regional brain volumes was evaluated using partial correlations
controlling for age, intracranial volume, sex, and speed of movement. There was a
significant negative correlation between total VMWT latency and gray matter volume in the
right hippocampus, r(14) = -.55, p = .03, left thalamus, r(14) = -.55, p = .03, right thalamus,
r(14) = -.54, p = .03, and right medial orbitofrontal volume, r(15) = -.56, p = .02 (Figure 4).
There was also a significant negative association between total YMWT distance and gray
matter volume in the right hippocampus, r = -.58, p = .02. Associations between regional
gray matter volumes and total distance, probe time, and probe distance were not significant.

To explore age differences in the associations between spatial navigation ability and gray
matter volumes, regression models were created with vVMWT summary variables as
dependent variables, speed of movement and ICV as covariates (entered into the model
before the independent variables), and age, regional brain volume, and an age by brain
volume interaction term as independent variables. The age by volume interaction term was
not significant in any of these analyses (p’s > .05). Given that many studies of age
differences in spatial learning and memory assess effects in different age groups, we split the
sample into middle-aged (< 60 years; N = 9; 3 males) and older (= 60 years; N = 13; 6
males) adults. In middle-aged adults, there was a significant negative correlation between
total VMWT latency and gray matter volume in the right hippocampus, r(4) = -.80, p = .03;
left thalamus, r(4) = -.82, p = .02; and right thalamus, r(4) = -.77, p = .04. In contrast, older
adults showed no significant relationship between vMWT performance and right
hippocampal volume or bilateral thalamus volumes. However, there was a significant
negative correlation between total VMWT latency and right medial orbitofrontal volume,
r(8) = -.77, p = .005. There were no significant age differences in associations between
vMWT total distance or probe trial performance and regional brain volumes.

3.3. vYMWT Performance and Brain Metabolites

We performed correlations between vMWT summary variables and metabolite
concentrations (expressed as ratios with Cr), controlling for age and vMWT speed of
movement. After correcting for multiple comparisons, there were no significant correlations
between vVMWT variables and brain metabolite concentrations (p’s > .1).

3.4. vMWT Performance and White Matter Microstructure

Voxelwise correlations between vMWT performance (total latency, total distance, and probe
trial percent latency and distance in goal quadrant) and measures of WM microstructural
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organization (FA, MD, axial diffusivity [AD], and radial diffusivity [RD])) were performed,
entering age and vMWT speed of movement as covariates. No clusters showing a
correlation between age and FA were significant at the p < .001 level (uncorrected), but
there was a significant positive association between age and MD in the splenium of the
corpus callosum (p < .001, uncorrected). This should be interpreted cautiously, as MD tends
to have lower reliability than other diffusion measures (Duan, Zhao, He, & Shu, 2015;
Heiervang, Behrens, Mackay, Robson, & Johansen-Berg, 2006). There was a significant
negative association between FA and vVMWT latency in the left (p <.001) and right (p <.
001) uncinate fasciculus (Figure 5) after adjusting for age and speed of movement. No other
associations between measures of WM microstructural organization (including AD or RD)
and vMWT summary variables were significant.

4. DISCUSSION

The present study is the first investigation of virtual navigation assessing age-related
changes in performance over a period of several years. While a prior investigation by
Lovdén et al. (2012) used a longitudinal study design to investigate spatial navigation, the
study involved four months of active vMWT training and had a much shorter (four month)
follow-up interval. In the present study, despite cross-sectional effects of age on vMWT
performance at baseline and follow-up, there was no significant longitudinal decrement in
spatial learning and memory over an average interval of eight years. Nonetheless,
neuroimaging data acquired at follow-up demonstrated that smaller gray matter volume in
the right hippocampus, right medial orbitofrontal cortex, and bilateral thalamus and
decreased WM fractional anisotropy in the uncinate fasciculus were associated with poorer
spatial learning and memory.

Previous behavioral studies have demonstrated significant age deficits in spatial navigation
abilities in both rodents (Gage et al., 1984; Gage, Chen, Buzsaki, & Armstrong, 1988;
Geinisman et al., 1995; Geinisman, de Toledo-Morrell, & Morrell, 1986; Gallagher &
Nicolle, 1993) and humans (Driscoll et al., 2005; Moffat & Resnick, 2002; Moffat,
Zonderman, & Resnick, 2001; Lithfous, Dufour, & Després, 2013.). Many of these studies
compare only two age groups (young and old) often leaving out the middle-aged, further
limiting ability to draw inferences about within-individual trajectories of age-related decline
in spatial navigation performance. One of the few studies to use middle-aged individuals as
a separate comparison group assessed age differences in vMWT performance between
young (20-39 years), middle-aged (40-59 years), and older adults (60+ years) (Driscoll et
al., 2005). There were significant differences in spatial cognition between the three groups,
with older age associated with poorer navigation performance. Although middle-aged
individuals performed intermediately between the other two groups, their performance more
closely resembled older adults than younger adults. Another cross-sectional study with
participants ranging from 25 to 93 years of age found a quadratic relationship between age
and total distance traveled on vMWT learning trials, with sharper age differences in older
individuals (Moffat & Resnick, 2002). Probe trial performance showed that young adults
traveled the greatest distance in the goal quadrant, followed by middle-aged and then older
adults. Again, performance in the middle-aged group (45-65 years) more closely resembled
that of older than younger participants. Collectively, these findings suggest that spatial
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learning and memory may begin to decline as early as the 30s and 40s, continuing a
downward trajectory into older adulthood.

The current investigation found no evidence of longitudinal age-related decline in spatial
navigation performance nor decline in 8 of the 10 neuropsychological tests administered,
whereas two of the neuropsychological tests assessing verbal and visual memory did show
longitudinal change. There are several potential explanations for these null findings.
Although total latency to complete the vMWT learning trials showed a non-significant
increase over the eight-year follow-up interval, there was significant inter-individual
variability in performance change over time. This heterogeneity reduced statistical power to
detect age-related changes in vMWT performance. Interestingly, visual inspection of the
data indicates that the participants showing the greatest increases in vVMWT latency over the
follow-up interval were middle-aged at baseline, although no statistical effect of age on
change in navigation performance was observed. The high degree of intra-individual
variability in the current sample could be a consequence of the aging process. Alternatively,
it may reflect poor test-retest reliability of the vMWT. Despite being proposed as a potential
biomarker of age-related cognitive decline (e.g., Lithfous, Doufour, & Després, 2013), there
is little available evidence about the psychometric properties of the vMWT. In the current
sample, test-retest reliability is impossible to disentangle from age-related effects over the 8-
year follow-up interval. Thus, additional investigation into the psychometric properties of
the vVMWT is needed for this measure to have future clinical utility.

Sample characteristics may also have contributed to a lack of detectable longitudinal change
in vMWT performance. Although the age of the sample ranged from 30 to 83 at baseline,
53% were under age 60 but only 19% were under the age of 50. This may have reduced our
power to detect changes in spatial cognition that may occur in the 30s or 40s. While the
larger effects on tests of episodic memory may be detectable despite this selection bias,
smaller effects may be missed. It is also possible that practice effects may have led to an
underestimation of age-related changes, but this is not a fully satisfactory explanation for the
lack of longitudinal change on the vMWT. Participants in the present study completed the
vMWT at two time points an average of eight years apart. It is unlikely that practice effects
contributed significantly to performance over this relatively lengthy follow-up interval.
Another factor that may have limited power to detect age-related changes in vMWT
performance is non-random attrition. Of the original 86 participants, we were able to recruit
52 at follow-up. Although there were no significant differences in sex, age at baseline,
education, depression scores, or MMSE scores between participants who returned for
follow-up versus those who did not, there were differences on several neuropsychological
tests, which suggests that attrition may have been non-random. Additionally, the BLSA
sample is not population-based. The majority of the sample is Caucasian, highly educated,
has good access to medical care, and has remained relatively healthy over the follow-up
interval, which may not be representative of the general population of normally aging adults.
Finally, the BLSA provides prospective physical, neurologic, and neuropsychological data
as well as informant reports that allowed us to exclude any participants who went on to
develop MCI or possible or probable AD during the follow-up interval. Hence, this sample
is likely more reflective of true healthy aging compared to other cross-sectional studies that
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may include individuals who are in pre-clinical or early stages of impairment. These factors
combined may have decreased sensitivity for detection of age-related decline on the vMWT.

Consistent with translational evidence from rodents and other studies of human spatial
learning (Morris et al., 1982; Driscoll et al., 2003; Head & Isom, 2010), the present study
demonstrated an association between more effective spatial navigation and larger right
hippocampal volume. The right hippocampus is thought to be particularly important for use
of allocentric spatial representations, which are needed for effective navigation in the
VMWT (lgléi et al., 2010). For example, Bohbot et al. (2007) found that people who used a
spontaneous spatial memory strategy had higher right hippocampal volume compared to
those using a response strategy. Lower FA in the right hippocampus, an indication of
microstructural disorganization of tissue, has been associated with slower formation of a
cognitive map and less efficient use of cognitive maps during navigation (laria et al., 2008).
Additionally, navigation impairment in patients with MCI and AD has been associated with
lower right hippocampal volume in several studies (Nedelska et al., 2012; delpolyi et al.,
2007).

In the present study, after splitting the sample into separate age groups, the association
between vMWT total latency and right hippocampal volume was seen only in middle-aged
individuals but was not present in older adults. This age difference in brain-behavior
relationship is consistent with research showing that older adults are less likely to use spatial
strategies, which are hippocampal-dependent (Rodgers, Sidone, & Moffat, 2012; Wiener et
al., 2013). A cross-sectional study of spatial strategy use across the lifespan found that the
proportion of individual who use allocentric strategies steadily declines from childhood to
older adulthood (Bohbot et al., 2012). Instead, older adults shift toward using response
strategies, such as learning a specific pattern of movements from a given start point.
Whereas allocentric, or spatial, strategies depend on the hippocampus (Moffat et al., 2006;
Antonova et al., 2009; Rodgers, Sidone, & Moffat, 2012), response strategies involve the
striatum (Packard & McGaugh, 1992; laria et al., 2003; Konishi et al., 2013). However, as
this study was not designed to assess age-related strategy differences in spatial navigation,
there was no control task involving egocentric processing or use of a response strategy.
Although our findings broadly support the research indicating that older adults show a
decrement in allocentric processing that is related to hippocampal impairment, in the
absence of a relationship in older adults between VMWT performance and volume of the
caudate nucleus or other extrahippocampal structures, these findings should be interpreted
with caution.

In addition to quantifying gray matter volume, we assessed metabolite concentrations in the
hippocampus. A previous investigation (Driscoll et al., 2003) found that NAA/Cr, a putative
neuronal marker, was lower in older adults and was negatively correlated with percentage of
time spent in the goal quadrant on the probe trial of the vMWT. In the present sample, there
were no significant associations between hippocampal metabolite concentrations and VMWT
performance. However, the previous study differed from the current investigation in several
important ways. The prior study compared young and older adults, which may have
magnified age effects compared to our current sample that included middle-aged and older
adults. The difference in results between these two studies may reflect methodological

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



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korthauer et al.

Page 14

differences in general and more specifically, differences in participant sampling. Most cross-
sectional studies of normal older individuals may be contaminated with participants in
preclinical stages of impairment that goes unnoticed due to inherent lack of prospective
information and diagnosis available for the present sample. Loss of neuropil or glial cell
bodies may contribute to gray matter atrophy, while NAA/Cr concentrations remain within
the range expected during healthy aging (Driscoll et al., 2006).

This study also points to the role of prefrontal regions in facilitating effective spatial
navigation. There was a significant association between right medial orbitofrontal cortex
volume and VMWT performance. Human studies have found that the medial orbitofrontal
cortex is involved in flexibly updating associations between stimuli and rewarded responses
(Elliott, Dolan, & Frith, 2000; Plassmann, O’Doherty, & Rangel, 2010). In rodents, the
orbitofrontal cortex encodes goal locations and actions required to achieve the goal, such as
choosing a heading direction to reach an escape platform (Feierstein, Quirk, Uchida,
Sosulski, & Mainen, 2006). One study demonstrated that inducing a reversible lesion of the
rat’s orbitofrontal cortex interfered with both acquisition and consolidation of spatial
memory in the MWT (Vafaei & Rashidy-Pour, 2004). In humans, more effective navigation
performance has been associated with larger volumes of prefrontal cortex more generally
(Moffat et al., 2007) and the medial orbitofrontal cortex specifically (Bohbot et al., 2007).
Additionally, a recent investigation by Dahmani and Bohbot (2015) showed that in younger
adults, use of a spatial strategy was associated with increased BOLD activity and gray
matter density in the medial prefrontal cortex, particularly in the orbitofrontal cortex. The
current study extends these findings into older age, suggesting that medial orbitofrontal
cortex may support navigation throughout the lifespan. One possibility is that these
prefrontal regions may be involved in selection and initiation of navigation strategies,
although additional research is needed to test this hypothesis.

Importantly, the DTI findings relating decreased FA in the left and right uncinate fasciculus
to poorer vMWT performance are congruent with the observed pattern of gray matter
volumetric associations. Fibers of the uncinate fasciculus originate from the temporal lobe,
connecting the anterior temporal regions with the orbitofrontal cortex (Catani & de Schotten,
2012). Although the function of the uncinate fasciculus is not well understood, it is thought
to play a role in episodic memory formation and retrieval (Diehl et al., 2008; Levine et al.,
1998). Differences in microstructural integrity of the uncinate fasciculus have been observed
in Alzheimer’s disease (Kiuchi et al., 2009; Yasmin et al., 2008; Larroza et al., 2014; Serra
et al., 2012), with FA in the bilateral uncinate fasciculus negatively associated with severity
of cognitive impairment (Morikawa et al., 2010). While the findings in the present study did
not survive correction for family-wise error, they provide suggestive evidence that
microstructural differences in the uncinate fasciculus may contribute to age-related spatial
navigation impairment. As navigation has been proposed as a potential biomarker of risk of
age-related cognitive impairment (Lithfous, Dufour, & Després, 2013), further
characterizing white matter pathways that subserve navigation abilities may highlight
potential targets for early diagnosis or intervention. Additionally, more research is needed to
determine how prefrontal cortical areas such as the medial orbitofrontal cortex interact with
subcortical regions to coordinate goal-directed behavior, select and employ search strategies,
and flexibly update spatial representations due to changing task demands.
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In conclusion, the present study identified cross-sectional age differences in performance on
a place learning task, while longitudinal performance was characterized by considerable
intra-and inter-individual variability. Navigation ability was associated with volumetric
differences in cortical and subcortical gray matter areas involved in spatial memory and
goal-directed behavior as well as white matter pathways implicated in episodic memory.
Additional investigation is needed to better characterize the behavioral and neuroanatomical
features of spatial navigation deficits that may begin as early as middle age.
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HIGHLIGHTS

e We assessed longitudinal change in vYMWT performance over a period of 8
years.

* No longitudinal decline in spatial learning and memory was observed at follow-
up.
»  Cross-sectionally, older adults showed impaired vMWT performance.

»  Place learning correlates with indices of gray and white matter integrity.
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i.—-'

Figure 1.
Overhead view of the vYMWT environment (Moffat & Resnick, 2002). Object cues represent

(clockwise from top left) a group of trees, a flag, a picture, a palm tree, and a lamp.
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e Baseline

@ }'0lloW-up

Longitudinal change in vMWT performance (Mean + SEM). Dotted line represents perfect

performance.
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Figure 3.
Variability of intra-individual change in vMWT performance from baseline to follow-up.

Dotted trendline represents average trajectory of change. Corrected total latency reflects
residual values after regressing out the effects of swim speed in a linear regression model.
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Figure 4.
Correlation between vMWT total latency and volume of the right hippocampus (A), right

medial orbitofrontal cortex (B), left thalamus (C), and right thalamus (D). Effects were
adjusted for age, and all correlations are significant at p < .05.
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Figure 5.
TBSS results: Mean FA skeleton (green) overlaid on MNI152 template brain. Voxels with a

significant negative correlation between total VMWT latency and FA (red-yellow),
controlling for age and speed of movement, p < .001. Significant clusters can be observed in
the left (left panel) and right (right panel) uncinate fasciculus.
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Demographic Characteristics and Performance on Standardized Neuropsychological Tests

Table 1

Age (years)

Sex (M:F)

Years Education
MMSE

CESD

CVLT (total correct)

Card Rotations (correct-incorrect)
Digit Span Fwd (total correct)
Digit Span Bkwd (total correct)
BVRT (total errors)

Category Fluency (mean correct)
Letter Fluency (mean correct)
Trails A (time in seconds)

Trails B (time in seconds)

Baseline Follow-Up tscore
59.38 (11.73)  67.01(11.29) _pgg5***
20:26 20:26 0

16.53(2.36)  16.53 (2.36) 0
28.72 (1.41)  29.03 (1.07) 0.88
6.82 (8.17) 5.46 (5.95) 1.24
56.88 (10.77)  52.78 (9.80) 3.12**
98.89 (33.95)  94.04 (36.67) 113
8.53 (2.26) 8.53 (2.18) 0
7.65 (1.95) 7.38 (1.89) 98
4.33(2.93) 6.24 (3.39) _387"*
16.81 (2.83) 16.65 (3.45) 19
16.42 (4.64)  15.90 (4.74) 65
30.53(8.34) 3458 (12.32)  -1.75
70.00 (26.37)  75.48 (28.66) -91

Page 27

Note. MMSE: Mini-Mental Status Examination; CES-D: Center for Epidemiologic Studies Depression Scale; CVLT: California Verbal Learning
Test, Immediate Recall Trials 1-5; BVRT: Benton Visual Retention Test

*

*
p<.001;

*%

*
p < .0001
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