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Abstract
Gait measures have been shown to predict cognitive decline and dementia in older adults.
Investigation of the neurobiology associated with locomotor function is needed to elucidate this
relationship with cognitive abilities. This study aimed to examine magnetic resonance imaging (MRI;
hippocampal volume)- and proton magnetic resonance spectroscopy (MRS; N-acetylaspartate to
creatine (NAA/Cr) ratios)-derived hippocampal correlates of quantitative gait function (swing time
(seconds), stride length (cm), and stride length variability (standard deviation)) in a subset of 48
nondemented older adults (24 males; mean age=81 years) drawn from the Einstein Aging Study, a
community-based sample of individuals over the age of 70 residing in the Bronx, New York. Linear
regression analyses controlling for age were used to examine hippocampal volume and
neurochemistry as predictors of gait function. We found that stride length was associated with
hippocampal volume (β=0.36, p=0.03; overall model R2=0.33, p=0.01), but not hippocampal
neurochemistry (β=0.09, p=0.48). Stride length variability was more strongly associated with
hippocampal NAA/Cr (β=−0.38, p=0.01; overall model R2=0.14, p=0.04) than hippocampal volume
(β=−0.33, p=0.08). Gait swing time was not significantly related to any neuroimaging measure. These
relationships remained significant after accounting for memory and clinical gait impairments. These
findings suggest that nondemented older adults exhibit increased stride length variability that is
associated with lower levels of hippocampal neuronal metabolism, but not hippocampal volume.
Conversely, decreased stride length is associated with smaller hippocampal volumes, but not
hippocampal neurochemistry. Distinct neurobiological hippocampal substrates may support
decreased stride length and increased stride length variability in older adults.
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1. Introduction
The number of adults over the age of 65 is projected to represent a rising proportion of the
general population in the coming years (Wan et al., 2005). As the population ages, it is
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increasingly important to characterize the biological, cognitive, and motor manifestations of
the aging process. The extant literature demonstrates that advancing age is associated with
declining brain function in both motor and cognitive domains (Anstey and Low, 2004;
Christensen, 2001; Fratiglioni et al., 1999) and that gait dysfunction (Camicioli et al., 1998;
Verghese et al., 2002; Verghese et al., 2007) and poor performance on cognitive tests (DeCarli
et al., 2004; Grober et al., 2000) are associated with increased risk of cognitive decline and
dementia. While the neuroimaging correlates of cognitive dysfunction have been extensively
examined using measures of hippocampal volume (Jack et al., 1999; Killiany et al., 2000) and
neuronal metabolism (Chao et al., 2005; Modrego et al., 2005; Zimmerman et al., 2008), brain
based correlates of locomotor abilities require additional investigation.

The objective of the present study was to examine the cross-sectional relationship between
MR-derived measures of hippocampal structure and function and quantitative indices of
locomotion in nondemented older adults. Previously, (Verghese et al., 2007) we performed a
factor analysis on eight different quantitative gait variables in a community-based sample. We
found three gait factors (pace, rhythm, and variability) that were predictors of risk of cognitive
decline and dementia in that sample. For the current study, we selected the quantitative gait
measures that loaded most strongly on each of the three previously determined gait factors
(stride length, swing time, and stride length variability, respectively) as our primary gait indices
of interest. Stride length is the distance between the heel points of two successive footfalls of
the same foot. Swing time, a marker of gait stability, is the amount of time when the foot is in
the air from toe off to heel strike of the same foot. Stride length variability is the standard
deviation of the variability in length between strides.

Structural magnetic resonance imaging (MRI) is an important neuroimaging tool that promotes
the characterization of brain structures that may be involved in pathological processes and
provides an important context in which to consider both neurochemical and neurofunctional
findings. MRI was used in the current study to obtain measures of hippocampal volume.
Magnetic resonance spectroscopy (MRS) is a neuroimaging technique that permits
investigation of neuronal cellular chemical activity through examination of neurotransmitters
and amino acids. MRS provides a measure of cerebral metabolic change which may reflect
pathological insults to brain integrity. Although several different chemical compounds (e.g.,
choline, myo-inositol) have been examined in older individuals, decreased hippocampal N-
acetylaspartate (NAA) and its ratio to creatine (Cr) has been a particularly robust age-associated
finding (Angelie et al., 2001; Driscoll et al., 2003; Schuff et al., 1999). NAA is primarily located
in neurons and is thought to be a marker of neuronal viability (Pettegrew et al., 2000), while
Cr reflects biochemical energy reserves of glia and neurons and is presumed to be stable in the
context of pathologic processes (Narayana, 2005). MRS was used in the current study to obtain
measures of hippocampal NAA/Cr.

Previous studies examining neuroimaging correlates of gait dysfunction have focused on
subcortical white matter lesions and ventriculomegaly (e.g., see (Rosano et al., 2007b; Rosano
et al., 2005)) and gray matter volumes (Rosano et al., 2007a). In addition to these brain
substrates, several lines of evidence provide support for the role of the hippocampus in
locomotion: 1) Animal models of hippocampal lesions reveal behavioral abnormalities that
include impairments in learning and memory as well as abnormalities in gait, balance, and
motor coordination (e.g., see Ferguson et al., 2000; Paylor et al., 2001); 2) Numerous animal
models demonstrate a link between hippocampal neurophysiology and both voluntary and
wayfinding locomotor function (e.g., see (Bland, 2004; Oddie et al., 1996)); 3) In our
community-based sample, we previously reported that disruptions in gait function in
nondemented older adults are an early predictor of the development of memory decline and
dementia (Verghese et al., 2007). We have also shown that smaller hippocampal volume and
lower hippocampal metabolism are related to memory difficulties in nondemented older adults
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(Zimmerman et al., 2008). Thus, our hypothesis that locomotor function in older adults is
associated with neuroimaging measures of hippocampal volume and hippocampal NAA/Cr is
supported by collective consideration of findings from animal studies as well as our own work
with locomotion, neuroimaging markers, and memory function in older adults. Investigation
of the underlying hippocampal neurobiology associated with gait dysfunction may enhance
understanding of the preclinical onset of cognitive decline in elderly adults.

2. Results
Sample Characteristics

Sample demographics, quantitative gait performance, and hippocampal measurements are
presented in Table 1. Sex and ethnicity characteristics were consistent with those of both the
larger Einstein Aging Study (EAS) cohort and the U.S. Census Bureau data for Bronx county.
Global cognitive status and memory performance were similar between the MRI subsample
and the larger EAS cohort. There were no education, sex, or ethnicity differences on the MR-
derived or gait variables of interest, with the exception of men exhibiting a longer stride length
than women (t=2.20, p=0.03). The effect of gender was considered in all subsequent analyses
examining stride length. MRI-derived hippocampal volumetric and midsagittal area
measurements were available for 39 and 36 individuals due to scan acquisition limitations.
There were no differences in age, education, sex, global cognitive status, memory performance,
or hippocampal NAA/Cr between those participants who had hippocampal volumetric data
and those that did not.

Clinical Gait Characteristics
Data for self-reported history of neurological disorders associated with gait impairment were
available for 47 individuals. Of these, none reported a history of Parkinson's Disease and three
reported a history of stroke. Data for the presence of a fall history within the year prior to the
gait evaluation were available for 45 individuals. Of these, six reported that they had fallen in
the past year. Data from a clinical gait evaluation performed by a neurologist were available
for 44 individuals. Of these, seven were determined to have an abnormal clinical gait with
possible neurological etiology. Gait subtypes included unsteady (n=5), neuropathic (n=1), and
ataxic (n=1). Six out of seven individuals exhibited mild gait disturbances (abnormality
detectable on examination, but walked unassisted) and one individual exhibited moderate gait
disturbance (abnormality detectable on examination, used walking aid). We have previously
reported high reliability for our clinical gait classification (Verghese et al., 2006).

Simple Correlations
Pearson correlation coefficients revealed that increasing age was associated with smaller
hippocampal volumes (r=−0.35, p=0.03) and shorter stride length (r=−0.52, p<0.01). The
strength of the relationship between age and hippocampal volume was similar after controlling
for midsagittal area (r=−0.30, p=0.08). Age was used as a covariate in all subsequent analyses.
Individuals with larger hippocampal volumes had longer stride lengths after controlling for
midsagittal area and gender (r=0.45, p=0.01). No other primary gait measures of interest were
correlated with hippocampal volume. Individuals with lower hippocampal NAA/Cr values had
greater variability in stride length (r=−0.36, p=0.02). No other primary gait measures of interest
were correlated with hippocampal NAA/Cr. Midsagittal area was not correlated with
hippocampal volume (r=0.13, p=0.45), hippocampal NAA/Cr (r=0.17, p=0.31), stride length
(r=0.14, p=0.39), stride length variability (r=0.01, p=0.97), or swing (r=0.01, p=0.97). Gait
velocity, a commonly used locomotor metric, was associated with stride length (r=0.89,
p<0.01) and hippocampal volume (r=0.50, p<0.01).
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Hippocampal Volume and Gait Performance
The model of the prediction of stride length by hippocampal volume controlling for age and
midsagittal area (F(3,32)=5.17, p<0.01, R2=0.33, n=36) indicated that shorter stride length was
associated with smaller hippocampal volume (β=0.36, t=2.35, df=32, p=0.03; Figure 1) and
older age (β=−0.33, t=−2.15, df=32, p=0.04). Inclusion of gender and weight in the model did
not meaningfully change the results. Inclusion of gait velocity in the model altered the results
such that hippocampal volume was no longer a significant predictor (β =0.01, t=0.13, df=36,
p=0.90). The model for the prediction of swing time and stride length variability by
hippocampal volume was not significant.

Hippocampal NAA/Cr and Gait Performance
The model of the prediction of stride length variability by hippocampal NAA/Cr controlling
for age (F(2,45)=3.57, p=0.04, R2=0.14, n=48) indicated that greater variability in stride length
was associated with lower levels of hippocampal NAA/Cr (β=−0.38, t=−2.67, df=45, p=0.01;
Figure 2). Inclusion of weight and gait velocity in the model did not meaningfully change the
results. The model for the prediction of swing time and stride length by hippocampal NAA/Cr
was not significant.

Hippocampal Volume, Hippocampal NAA/Cr, and Gait Performance
The model of the prediction of stride length by hippocampal volume and NAA/Cr controlling
for age and midsagittal area (F(4,31)=4.14, p=0.01, R2=0.35, n=36) revealed significant effects
for both hippocampal volume (β=0.42, t=2.56, df=31, p=0.02) and age (β=−0.33, t=−2.15,
df=31, p=0.04). Inclusion of gender and weight in the model did not meaningfully change the
results. Inclusion of gait velocity in the model altered the results such that hippocampal volume
was no longer a significant predictor (β =0.05, t=0.05, df=36, p=0.61). The model for the
prediction of swing time and stride length variability by hippocampal volume and NAA/Cr
was not significant. Table 2 depicts a summary of all three regression models for the prediction
of stride length, while Table 3 depicts a summary of all three regression models for the
prediction of stride length variability.

To account for anthropomorphic features that may impact gait, we repeated primary analyses
using normalized gait measures (gait divided by height) as dependent variables. The overall
pattern and strength of the findings remained unchanged (data not shown).

Memory Impairment
Pearson correlation analyses indicated that lower levels of hippocampal NAA/Cr were
associated with shorter stride length (r=0.56, p=0.04) and increased stride length variability
(r=−0.56, p=0.04) among older adults with mild memory impairments, but not among older
adults with normal memory. Smaller hippocampal volume was associated with shorter stride
length (r=0.51, p=0.01) among older adults with normal memory, but not among older adults
with mild memory impairments. This pattern of results was similar when analyses were
repeated using nonparametric statistics.

Clinical Gait Abnormalities
As described previously, seven individuals were diagnosed with neurological clinical gait
abnormalities on qualitative examination by the study neurologist. Linear regressions were
repeated with the removal of these individuals and the models restricted to subjects with
clinically normal gaits remained significant for the prediction of stride length by hippocampal
volume (F(3, 22)=6.74, p<0.01, R2=0.48), the prediction of stride length by hippocampal volume
and NAA/Cr (F(4, 21)=4.88, p=0.01, R2=0.48), and the prediction of stride length variability
by hippocampal NAA/Cr (F(2, 34)=3.49, p=0.04, R2=0.17).

Zimmerman et al. Page 4

Brain Res. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Discussion
The goal of this study was to examine hippocampal structural and functional correlates of
quantitative locomotor performance in nondemented older adults. Our findings indicate that
in older adults, shorter stride length is associated with smaller hippocampal volume, but not
neuronal metabolism. Conversely, increased variability in stride length is associated with
poorer hippocampal metabolism, but not volume. When hippocampal volume and neuronal
metabolism are considered together, only hippocampal volume remained a predictor of stride
length in older adults. Further examination of these relationships in the context of memory
performance reveals that smaller hippocampal volume is related to shorter stride length in
individuals with normal memory abilities, while lower levels of hippocampal neuronal
metabolism are related to both shorter stride length and increased stride length variability in
individuals with mild memory impairments. This overall pattern of findings suggests a series
of specific brain-behavior relationships in older adults that may vary as a function of
hippocampal integrity, locomotor activity, and memory performance.

Several studies have examined neuroimaging correlates of locomotor performance in elderly
individuals. Subcortical white matter changes, such as white matter hyperintensities,
consistently have been shown to predict gait disturbance (e.g., see (Baloh et al., 2003; Rosano
et al., 2007b; Rosano et al., 2005; Whitman et al., 2001; Wolfson et al., 2005)), balance
dysfunction (Baloh et al., 1995; Starr et al., 2003; Tell et al., 1998), and disequilibrium (Kerber
et al., 1998) in older adults, even after accounting for cerebrovascular disease (Briley et al.,
1997). Generalized ventricular enlargement and sulcal widening have also been linked to poor
balance and motor performance in nondemented older adults (Rosano et al., 2005; Tell et al.,
1998). Recent studies have utilized region of interest analysis approaches to examine brain
volume changes in individuals with locomotor dysfunction. A large population-based study
(Guo et al., 2001) reported temporal lobe atrophy in elderly women with motor impairments
using computed tomography (CT) scans. A recent study by Rosano and colleagues (Rosano et
al., 2007a) reported associations between smaller gray matter volumes in left cerebellum and
left prefrontal cortex and slower gait performance that persisted after accounting for the
presence of white matter hyperintensities. However, Rosano and colleagues also examined
associations between gait measures and the gray matter of the parahippocampal gyrus (Rosano
et al., 2007a) and hippocampus (Rosano et al., 2008) in a large community-based study and
did not find significant relationships. Considered together, the findings from these important
studies provide support for a wide variety of brain abnormalities in older adults with lower
extremity motor dysfunction. None of these studies, however, specifically examined
hippocampal total volume or neuronal metabolism in relation to quantitative gait measures.
Our findings complement and extend previous research through identification of
neuroimaging-derived biological substrates that are associated with distinct locomotor
functions in older adults.

Hippocampal involvement in locomotor activity is supported by animal models of hippocampal
lesions that produce impairments in learning and memory as well as impairments in motor
coordination, balance, and spontaneous perseverative turning (Ferguson et al., 2000; Mickley
et al., 1989; Paylor et al., 2001; Sams-Dodd et al., 1997). A substantial animal literature using
electroencephalogram (EEG) also describes hippocampal rhythmical synchronous activity
(RSA), or theta oscillation, that is associated with voluntary motor movements in the mouse
that include walking, running, jumping, and swimming (Bland, 2004; Oddie et al., 1996;
Vanderwolf, 1969). Reported findings of relationships between hippocampal cellular firing
rates and walking speed of the guinea pig suggest that neuronal excitation may be a contributor
to changes in theta rhythms (Rivas et al., 1996). Finally, a study of patients with right medial
temporal lobectomy (Philbeck et al., 2004) found that these individuals demonstrated poor path
integration and linear displacement during a walking challenge, providing further evidence for
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the role of the hippocampus in locomotor activity. Although speculative, we propose that these
findings suggest that the hippocampus may play a role in the timing or rhythmicity of
locomotion that may be compromised in the older adult.

Hippocampal long-term potentiation (LTP), or synaptic transmission, is believed to support
learning and memory cognitive processes (Bliss and Collingridge, 1993; Morris and Frey,
1997). Animal studies that use walking to stimulate acetylcholine release report associated
modulation in LTP in the CA1 subregion of the hippocampus (Leung et al., 2003) and increased
hippocampal regional cerebral blood flow in both young (Nakajima et al., 2003) and aged rats
(Uchida et al., 2006). Hippocampal LTP has also been proposed to support the firing of place
cells (Muller and Stead, 1996), which are associated with the active exploration of the
environment by the rat (Foster et al., 1989).

The dissociation of our findings by hippocampal biology, gait function, and memory
performance warrants further discussion. In our study, hippocampal volume was associated
with stride length in both the overall sample of nondemented older adults as well as the follow-
up analyses of individuals with normal cognition. Several studies have reported hippocampal
volumetric decline that is commonly observed in healthy older adults across the lifespan (e.g.,
see (Pruessner et al., 2001; Raz et al., 2005; Raz et al., 2004; Zimmerman et al., 2006)). Our
findings also indicated that lower levels of hippocampal NAA/Cr, a metabolite thought to be
an indicator of neuronal integrity, were associated with shorter stride length and increased
stride length variability among individuals with mild memory impairments. Decreased NAA/
Cr in the hippocampus may be a predictor of both incident and prevalent dementia (Chao et
al., 2005; Dixon et al., 2002; Modrego et al., 2005; Spencer et al., 2003). Memory impairment
is also a well-known risk factor for development of dementia in older adults (e.g., see (DeCarli
et al., 2004; Grober et al., 2008; Grober et al., 2000; Kawas et al., 2003)). Although speculative,
this overall pattern of findings suggests that that the volume of the hippocampus may play a
role in the motor processes involved in stride length in healthy elderly adults with normal
memory functions, whereas abnormal hippocampal neuronal metabolism may underlie
preclinical disease in older adults with mild memory impairment and increased stride length
variability, both of which have been shown to predict dementia. Thus, the hippocampal NAA/
Cr measurement in nondemented older adults may provide a more sensitive index of neuronal
damage compared to hippocampal volume.

There are several limitations to the current study. Our MR protocol was designed to evaluate
volumetry and neurochemistry of hippocampus; we cannot determine the specificity of our
findings as we do not have similar data from other brain regions. Locomotor abilities are likely
supported by a network of brain regions in older adults. Hippocampal volume data were only
available for a subset of participants and thus the sample size varied across analysis models.
Additionally, our sample was drawn from a larger study of community-dwelling adults over
the age of 70 and we were not able to examine relationships between hippocampal integrity
and locomotor activity across the entire adult lifespan or in individuals with clinical diagnoses,
such as dementia. An important consideration for future investigations is the possibility that
the observed associations may vary as a function of age and cognitive status. Findings regarding
memory performance should be interpreted with caution given the relatively small number of
mild memory impaired individuals in our sample. It is also possible that the spatial resolution
of the spectroscopic method may have resulted in acquisition of the NAA signal from other
surrounding structures. Finally, our cross-sectional design and correlational analyses prevent
the formulation of causational conclusions. Additional investigation is necessary to examine
the longitudinal sequence and relationships of locomotor, cognitive, neurochemical, and
anatomic changes that emerge across the spectrum from normal aging to advanced dementia.

Zimmerman et al. Page 6

Brain Res. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Experimental Procedure
Participants

We previously reported an association between memory performance and hippocampal volume
and neurochemistry in this sample of participants (Zimmerman et al., 2008). Between February
2004 and August 2006, a subset of 48 older adults was drawn from the EAS, a community-
based sample of individuals over the age of 70 living in the Bronx, New York. The subset was
systematically selected to obtain a range of memory performance on the Free and Cued
Selective Reminding Test – Immediate Recall (FCSRT-IR; discussed further below) in older
adults who did not meet diagnostic criteria for dementia based on the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition (DSM-IV) (American, 1994). In the absence of
contraindications to MRI, all individuals with mild memory impairment (free recall FCSRT-
IR ≤24, n=14) and a random sample of individuals with normal memory (free recall FCSRT-
IR>24, n=34) were invited to participate in the neuroimaging studies. FCSRT-IR free recall
impairment cut-scores are described in previous studies (Grober and Kawas, 1997; Grober et
al., 2000). Of the 48 participants in the current study, eight reported a subjective memory
complaint as determined by a positive response to the item, “Do you feel that you have more
problems with memory than most?” from the 15-item Geriatric Depression Scale (Yesavage
et al., 1982). Of these participants with memory complaints, six exhibited memory within
normal limits and two exhibited mild memory impairment.

Einstein Aging Study design and methods are described elsewhere (Lipton et al., 2003). Briefly,
participants were recruited through systematic sampling from Medicare or voter registration
lists for Bronx County. Participants were excluded if they were non-English speakers or if they
reported severe sensory loss (i.e., poor visual acuity) or medical conditions that would interfere
with neuropsychological evaluation. General cognitive status was assessed using the Blessed
Information-Memory-Concentration test (BIMC) (Blessed et al., 1968). Participant diagnosis
was established at a case conference attended by a study neurologist and neuropsychologist.

Quantitative Gait Evaluation
Quantitative gait studies were performed on a computerized walkway mat (180 × 35.5 × 0.25
inches) with embedded pressure sensors (GAITRite, CIR systems, USA) (Verghese et al.,
2004). Subjects were asked to walk on the mat at their ‘normal pace’ for two trials in a well-
lit hallway wearing comfortable footwear. Start and stop points were marked by white lines
on the floor placed three feet from the mat edge for initial acceleration and terminal
deceleration. Computer software automatically computes gait parameters as the mean of two
trials based on footfalls recorded on the walkway. Excellent reliability (Bilney et al., 2003;
Verghese et al., 2004) of the GAITRite system has been reported in our and other centers, and
the system is widely used in both clinical and research settings. In our previous work (Verghese
et al., 2007), we showed that three gait factors (pace, rhythm, and variability) were related to
future risk of cognitive decline and dementia. In order to minimize the number of statistical
comparisons, we selected the quantitative gait measure that loaded most strongly on each factor
(stride length, swing time, and stride length variability, respectively) for examination in the
current study. Swing time, a marker of gait stability, is the duration in seconds from when the
foot is in the air to the time taken from toe off to heel strike of the same foot. Stride length is
the distance in centimeters between heel points of two consecutive footfalls of the same foot.
Stride length variability is the standard deviation of the variability in length between strides.

Magnetic Resonance Imaging
MR imaging was performed on a Varian-Magnex 4T imaging system at the Gruss Magnetic
Resonance Research Center at the Albert Einstein College of Medicine, Bronx, NY. All
neuroimaging was performed within an average of 3.94 ± 2.94 months from the time of the
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gait assessment. T1-weighted inversion recovery gradient echo images were acquired with
1.5mm slice thickness, field of view (FOV)=240, and 160 × 160 resolution, with pixel size of
1.5×1.5×1.5mm3. One-hundred-twenty slices were taken parallel to the planum temporale with
180mm coronal-axial coverage. Images were reformatted orthogonal to the planum temporale
and manual volumetric measurements of the hippocampus were performed using previously
described methodology (Jack et al., 1992; Watson et al., 1992). Briefly, the limit of the posterior
hippocampal tail was identified from the oblique coronal image where the crus of the fornix
was visualized. Anteriorly, the pes hippocampus was disarticulated from the amygdala by
identification of the alveus, or by extending the horizontal line defined by the uncal recess of
the temporal horn. Laterally and superiorly, the temporal horn cerebrospinal fluid demarcated
the hippocampus. Medially, the uncal and ambient cistern were used. Inferiorly, the subiculum
was separated from the parahippocampal gray matter with a straight line. Whole brain volume
was not available in this dataset; therefore, intracranial midsagittal area was acquired to account
for individual differences in head size (Ferguson et al., 2005). Volumetrics were obtained by
a single trained rater with high intrarater reliability (ICC=0.99). Hippocampal volume was the
primary variable of interest obtained from this image acquisition.

Magnetic Resonance Spectroscopy
All data were acquired at 4T using a Varian INOVA console and quadrature head coil using a
modified LASER sequence (10mm thickness, 80×100mm in-plane FOV selection) in
combination with two dimensions of phase encoding (24×24, FOV=192×192mm, 19.2
minutes) angulating the plane along the temporal pole (Hetherington et al., 2002). The magnetic
field homogeneity was adjusted for each subject (Hetherington et al., 1996). To provide
reproducible selection criteria, hippocampal voxels were reconstructed using a voxel shifting
method (Hetherington et al., 2004; Twieg et al., 1989). Centers of reconstructed spectroscopic
voxels were defined from structural images using anatomically defined criteria. Hippocampal
boundaries were manually delineated on anatomical images and a mid-line between the medial
and lateral boundaries was calculated. Four loci, one positioned at the level of the aqueduct
along the midline, two anterior loci, and one posterior locus were selected by translating along
the midline in 9mm increments (see Figure 3). These coordinates were used in voxel shifting
reconstruction to provide spectroscopic voxels centered over these loci. Spectral data were
obtained using a convolution difference of 250Hz followed by 3Hz of Gaussian broadening
and Fourier transformation in the spectral domain. Data were fit using Gaussian line shapes
and the NAA/Cr ratio was determined by using the ratios of the resonance areas. The NAA/
Cr ratio was the primary variable of interest obtained from this image acquisition.

Separate left and right measurements were acquired for both hippocampal NAA/Cr and
volume. There were no laterality differences in hippocampal NAA/Cr (t(1,47)=0.09, p=0.93)
or volume (t(1,38)=−0.17, p=0.85); therefore, all left and right variables were combined
(volumes) or averaged (NAA/Cr) to reduce the number of statistical comparisons.

Memory Evaluation
All participants were administered a comprehensive neuropsychological assessment that
included the FCSRT-IR (Buschke, 1984; Grober and Buschke, 1987), a verbal memory task
that controls attention and strategy use to maximize learning and provide a measurement of
memory that is not confounded by deficits in other cognitive abilities. In the free recall
condition, a measure of self-organized retrieval, the participant is asked to recall 16 objects
that were previously presented. If the participant fails to correctly recall an object, they are
provided with a category cue to test cued recall. There are a total of three free and cued recall
trials and total scores range from zero to 48.
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Statistical Analyses
Age, education, and gender were examined as potential covariates using Pearson product-
moment correlation coefficients and independent t-tests. Ethnicity was examined as a potential
covariate using ANOVA. Pearson correlation coefficients were utilized to examine
relationships among quantitative gait performance (swing time, stride length, stride length
variability), hippocampal volume, and hippocampal NAA/Cr.

A series of linear regression analyses were performed to examine MR-derived predictors of
each of the three quantitative gait performance variables. The first linear regression examined
the effect of hippocampal volume on gait performance with age and midsagittal area as
covariates. The second linear regression examined the effect of hippocampal NAA/Cr on gait
performance with age as a covariate. The third linear regression analysis examined the effect
of both hippocampal neurochemistry and volume on gait performance with age and midsagittal
area as covariates.
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Figure 1.
Partial regression plot of the relationship between hippocampal volume and stride length
controlling for age and midsagittal area in older adults
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Figure 2.
Partial regression plot of the relationship between hippocampal NAA/Cr and stride length
variability controlling for age in older adults

Zimmerman et al. Page 14

Brain Res. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
T1-weighted MRI and localized proton MRS with illustrated regions of interest and
representative spectra showing the resonances of choline (Ch), creatine (Cr) and N-
acetylaspartate (NAA) in bilateral hippocampus of older adults.
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Table 1
Sample demographics, verbal memory performance, and hippocampal measurements.

  Total Sample (N=48) Normal Memory (n=34) Mild Memory Impairment
(n=14)

Age, years, mean (SD) 81.18 (5.47) 80.37 (5.77) 83.14 (4.2)

Sex, N women, (%) 23 (47.9) 19 (55.9) 4 (28.6)

Ethnicity, N Caucasian, (%) 35 (72.9) 25 (73.5) 10 (71.4)

Education, years, mean (SD) 13.08 (3.11) 13.2 (3.50) 12.7 (1.90)

Handedness, N Right, (%)* 47 (97.8) 33 (97.1) 14 (100)

BIMC, total errors, median (range) 2.00 (0−13) 2.00 (0−6) 3.5 (0−13)

CDR, score, median (range) 0 (0−1) 0 (0−0.5) 0.5 (0−1)

Swing time, mean (seconds) 0.43 (0.05) 0.43 (0.04) 0.44 (0.06)

Stride length, mean (cm) 111.39 (19.45) 112.57 (20.50) 108.55 (16.97)

Stride length variability (SD) 4.06 (1.79) 3.59 (1.56) 5.20 (1.87)

Velocity (cm/second) 93.91 (21.91) 96.29 (22.90) 88.13 (18.79)

Fall History in Past Year, # yes, (%)* 6 (12.5) 2 (5.9) 4 (28.6)

Abnormal Clinical Gait, # yes, (%)* 7 (14.6) 5 (14.7) 2 (14.3)

Hippocampal volume, mean (SD)* 4.27 (0.07) 4.40 (0.07) 3.92 (0.01)

Hippocampal NAA/Cr, mean (SD) 1.30 (0.23) 1.36 (0.82) 1.17 (0.93)
Note: MRI volumetric data are given in cubic centimeters; SD=standard deviation; BIMC=Blessed Information Memory Concentration test, total error
score; CDR=Clinical Dementia Rating scale; NAA/Cr=N-acetylaspartate/creatine ratio

*
Handedness data available for N=45; Falls history data available for N=45; Clinical gait evaluation data available for N=44; Hippocampal volumetric

data available for N=39 (Normal Memory: n=29; Mild Memory Impairment: n=10).
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Table 2
Regression models for the effect of age, hippocampal volume, and hippocampal NAA/Cr on stride length in older
adults.

  Predictors R2 Standardized Beta p-value

Model 1 Age 0.33 −0.33 0.04*

Midsagittal Area 0.03 0.83

  Hippocampal Volume   0.36 0.03*

Model 2 Age 0.28 −0.49 0.00**

  Hippocampal NAA/Cr   0.09 0.48

Model 3 Age 0.35 −0.33 0.04*

Midsagittal Area 0.05 0.73

Hippocampal Volume 0.42 0.02*

Hippocampal NAA/Cr −0.16 0.32
Note: NAA/Cr=N-acetylaspartate/creatine ratio.

*
Significant at the p<0.05 level.

**
Significant at the p<0.01 level.
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Table 3
Regression models for the effect of age, hippocampal volume, and hippocampal NAA/Cr on stride length variability
in older adults.

  Predictors R2 Standardized Beta p-value

Model 1 Age 0.10 −0.09 0.62

Midsagittal Area 0.03 0.86

  Hippocampal Volume   −0.33 0.08

Model 2 Age 0.14 −0.11 0.46

  Hippocampal NAA/Cr   −0.38 0.01*

Model 3 Age 0.19 −0.09 0.60

Midsagittal Area 0.07 0.67

Hippocampal Volume −0.20 0.29

Hippocampal NAA/Cr −0.34 0.06
Note: NAA/Cr=N-acetylaspartate/creatine ratio.

*
Significant at the p<0.01 level.
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