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Abstract 

 Voxel-based morphometry (VBM) is an analytic approach which can be used to assess 

the gray matter differences between subject groups (Ashburner et al., 2001). VBM has been 

established as a useful tool in examining the structural differences that relate to a multitude of 

cognitive variables and is particularly useful in studying structural brain changes in the context 

of healthy aging. Previous studies using VBM have shown that there are gray matter differences 

associated with neuropsychological performance in healthy adults (Newman et al., 2007).  In this 

study, we sought to investigate MRI regional gray matter differences in verbal and perceptual 

performance in a middle-aged and elderly cohort of 80 subjects, 52-88 years of age (mean ± SD 

= 71.9 ± 10.6, 43M/37F) including participants showing high-verbal performance relative to 

perceptual (n = 52) and those showing high-perceptual performance relative to verbal (n = 28). 

T1-weighted images were processed using voxel-based morphometry (VBM) produce maps of 

regional gray matter volume. Regional network analyses of these maps were performed using the 

Scaled Subprofile Model (SSM; Alexander and Moeller et al., 1994) to determine pattern 

components predictive of verbal and perceptual performance. Analyses were also performed to 

investigate regional gray matter patterns associated with age. The SSM analysis identified a 

linear combination of patterns predictive of degree of verbal comprehension performance (p 

<0.001) within a high-performing verbal group, characterized by a regional gray matter decrease 

in the precuneus region and relative preservations in the left lateral temporal lobe and bilateral 

thalami. Additionally, the SSM analysis identified a linear combination of the first four patterns 

predictive of age (p < 0.001). The combined pattern included areas of decreased gray matter 

volume in the bilateral and medial frontal regions and basal ganglia and relative gray matter 

preservations in the thalamus and parahippocampal regions. These findings support previous 
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studies on healthy aging research and suggest that patterns associated with relatively high-verbal 

performance have shared regional features with an aging pattern, though it is non-related to the 

aging process. These results provide a basis for determining factors that contribute to successful 

cognitive aging and provide information regarding how individuals can better preserve cognitive 

functions in the aging process.  
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Introduction 

Cognition and Brain Structure in Healthy Aging 

It is well-established that healthy aging is accompanied by a decline in particular 

cognitive abilities, including working memory, executive function, and processing speed, leading 

to increased mental effort exerted in these domains (Salthouse, 1992; Lezak, 2004; Nyberg, 

2010; Parkin, 1999). Magnetic resonance imaging (MRI) is a technique that can be used to study 

neural substrates of age-related differences in cognition by addressing the integrity of various 

structural anatomical features, such as gray matter volume or cortical thickness. Human 

structural neuroimaging studies show that there is a preferential decrease in gray matter volume 

in frontal regions, as well as in areas in the parietal and temporal cortex (Alexander et al. 2006; 

Bergfield et al. 2010).  

Voxel-based morphometry (VBM) is an analytic approach which can be used to assess 

the gray matter differences throughout the brain between subject groups using reliable methods 

(Ashburner et al. 2000). VBM has been established as a useful tool in examining the structural 

differences that correlate to a multitude of cognitive variables and is particularly useful in 

studying structural brain changes in the context of healthy aging. However, there are still 

unanswered questions pertaining to the exact mechanisms by which such structural and cognitive 

changes occur, in addition to how certain cognitive abilities are affected in the healthy aging 

process.  

 

Verbal and Perceptual Abilities in Cognition 

In cognitive studies, verbal skills and perceptual skills are aspects of cognition often 

tested using standardized neuropsychological tests, such as the Wechsler Adult Intelligence Scale 
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(WAIS; Wechsler, 2008). For most individuals, there is no significant relative difference 

between performance on tasks assessing verbal comprehension or perceptual reasoning. Broadly, 

these two cognitive abilities (verbal comprehension and perceptual reasoning) are thought to 

involve distinct cortical regions. Verbal comprehension skills are known to be facilitated by 

areas in the brain that include frontal and temporal regions and is typically left-lateralized in 

right hand dominant individuals, whereas perceptual reasoning relies more on parietal and 

occipital regions in the cortex, with the pre-frontal cortex implicated in visuo-spatial working 

memory (Piefke et al. 2012).  

These relationships between brain regions and cognitive skill are supported by functional 

imaging studies, which show that these areas are preferentially activated by tasks involving their 

respective cognitive functions (Kraemer et al. 2009). Studies have made use of the 

administration of either verbal or visuospatial reasoning tasks, as well as sought to elucidate the 

compensatory neural mechanisms that occur in individuals who identify as either having a verbal 

or visual cognitive style, suggesting that processing of verbal and visual abilities is modality-

specific (Kraemer et al. 2009). While the difference between cognitive domains has been 

explored using functional imaging methodology, there have been few studies investigating this 

disparity in cognition from a structural standpoint. Structural studies investigating the 

relationship between gray matter morphometry and neuropsychological performance have 

focused on measures of the frontal lobe or executive function and show that there are gray matter 

differences associated with neuropsychological performance in healthy adults (Newman et al. 

2007). However, such studies have used a broad sample age range or have not been conducted in 

the context of healthy aging and do not address potential morphological differences between 

individuals whose performance on cognitive tasks is significantly greater in either domain. Thus, 
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it remains unclear whether there are structural neural correlates associated with the difference 

between verbal and perceptual abilities and whether a potential gray matter relationship is 

subject to aging effects.  

 

Verbal and Perceptual Abilities in Healthy Aging  

Despite the aging effect of cognitive decline, cognitive abilities such as knowledge 

storage and vocabulary skills are relatively preserved in the aging process (Park et al. 2002). This 

is likely due to the opportunity for individuals to attain new knowledge in the aging process, 

allowing such skills to exhibit preservation relative to declines in other cognitive faculties, such 

as perceptual reasoning and visuospatial skills which can be more affected in the aging process. 

In this study, voxel-based morphometry (VBM) analysis was used to investigate gray 

matter volume differences in structural MRI scans to determine whether there are gray matter 

pattern differences associated with high verbal relative to perceptual compared to those with high 

perceptual relative to verbal abilities on neuropsychological testing in a healthy aging 

population. Additionally, this study sought to investigate whether this performance difference is 

affected by the aging process. Unlike previous studies, this study uses VBM to investigate 

differential performance on neuropsychological tasks in an effort to elucidate the underlying gray 

matter network differences between groups. Two primary hypotheses were tested: (1) that 

individual differences in verbal comprehension versus perceptual reasoning will be reflected in 

regional gray matter differences, specifically, that high-verbal performers would exhibit 

increased gray matter volume in the left temporal lobe and that high-perceptual performers 

would exhibit increased gray matter volume in the parietooccipital lobe, and (2) that there is a 
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distinct regional gray matter pattern associated with the aging process, with frontal and temporal 

regions preferentially decreased with increasing age.  

Methods 

Participants 

 A sample of 80 neurologically healthy adults (43 male, 37 female), 52-88 years of age, 

were included in this study. These subjects were selected from a larger cohort of 210 subjects 

that were recruited from the Southern Arizona Community as part of a longitudinal study on 

healthy cognitive aging in the Brain Imaging, Behavior and Aging Lab at the University of 

Arizona. Subjects underwent an extensive screen to exclude significant medical, neurological, or 

psychiatric disorders or injury that would affect cognitive performance. These screens included a 

thorough review of medical and demographic history, the Mini-Mental State Exam (MMSE), and 

multiple surveys of general well-being and physical activity. Subjects were also assessed to 

ensure adequate vision (both visual acuity and color vision) and hearing. A physician reviewed 

all subject information for eligibility to participate.  

 For this study, subjects were selected on the basis of significant verbal versus perceptual 

performance differences on the WAIS-IV (Wechsler, 2008). The subjects were classified as 

being either high verbal or perceptual performance scorers, with a score split between the two. 

This was done by subtracting each individual’s Perceptual Reasoning Index (PRI) score from the 

Verbal Comprehension Index (VCI) score to determine the score difference. A significant split 

was calculated to be a critical score difference between the VCI and PRI (VCI-PRI) = 8.82 for all 

ages (level of significance = 0.05) (Wechsler, 2008). Subjects with a score difference of less than 

8.82 between the two tests were not included in the study. This resulted in a group displaying 

high verbal performance relative to perceptual and a group displaying high perceptual 
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performance relative to verbal. Preliminary examination of the data showed that the variables of 

age, gender, and education were non-significant in the verbal-perceptual performance split. 

Subject characteristics are shown in Table 1. Results of the preliminary examination of the data 

are shown in Table 2.  

 

Neuropsychological Measures 

 Cognitive testing was performed using a comprehensive neuropsychological battery 

(Wechsler Adult Intelligence Scale, IV; Wechsler, 2008) with an assessment of general cognitive 

function and distinct cognitive domains, including a Verbal Comprehension Index and 

Perceptual Reasoning Index. The Verbal Comprehension Index included the following subtests: 

Information, which assesses the amount of general knowledge accumulated from cultural 

learning; Similarities, which assesses abstract verbal reasoning; and Vocabulary, which assesses 

the degree to which one can comprehend and express vocabulary. The Perceptual Reasoning 

Index included the following subtests: Block Design, which assesses spatial perceptual and 

visual processing in abstract tasks; Matrix Reasoning, which assesses nonverbal problem solving 

and spatial reasoning; and Visual Puzzles, which further assesses spatial reasoning (Wechsler, 

2008).  

 

Image Acquisition  

Volumetric T1-weighted spoiled gradient recalled (SPGR) MRI scans (slice thickness = 

1.00mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, flip angle = 15 degrees, matrix = 256x256, FOV 

= 25.6cm) were acquired on a 3.0T GE Signa scanner (General Electric, Milwaukee, WI) located 

at the MRI Research Suite of the University of Arizona Medical Center.  
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Image Processing 

 The MRI scans were processed using the Freesurfer (version 5.3.0) image analysis suite 

for the removal non-brain tissue (skull-stripping), creation of cortical masks to distinguish brain 

versus non-brain tissue, and application of the mask to the initial raw image. Following these 

steps, the images were then reoriented to a T1 template in MNI (Montreal Neurological Institute; 

Brett et al., 2001) space.  

 Because MRI scans can retain a bias field due to inhomogeneity of signal in tissues in the 

scanner, N3 corrections were applied in order to correct the intensity inhomogeneity without 

affecting the brain structures themselves (Boyes et al., 2008).     

Using the DARTEL algorithm in SPM5 (Statistical Parametric Mapping) the images 

were segmented into six tissue (gray matter, white matter, cerebrospinal fluid, bone, soft tissue, 

and air/background) types using tissue priors established by probability mapping, which issued 

each voxel a probability of tissue likelihood. Next, an average template from the sample was 

iteratively generated, with each individual image warped in order to fit the cohort’s sample 

template that was then spatially normalized to MNI space. The resulting gray matter maps were 

smoothed with an 8mm Gaussian kernel and adjusted to preserve the volumetric information 

within each voxel. All image analyses were performed on a UNIX computer operating system.  

 

Statistical Analysis  

 In order to investigate group differences of high verbal comprehension performers versus 

high perceptual reasoning performers, each individual in the cohort was identified as displaying 

either high-verbal performance relative to perceptual or high-perceptual performance relative to 
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verbal using a split of significance p ≤ 0.05 between the two scores on the WAIS-IV, a 

difference determined to be 8.82 or less. Group membership was dummy coded and analyzed 

with multiple linear regressions that were conducted to evaluate the relationship between group 

identification and MRI gray matter structural differences. In order to further assess cognitive 

performance of the two groups as a continuous variable in multiple linear regressions, an index 

was created using the scores of the two sub-tests (VCI and PRI). This index was created by 

subtracting the VCI score from the PRI score and dividing this difference by the sum of the two 

scores. To investigate aging effects on MRI gray matter volume, multiple linear regressions were 

performed using age as a continuous variable. Statistical significance was interpreted as p ≤ 0.05.  

Regional network analyses were performed on the resulting images using the Scaled 

Subprofile Model (SSM; Alexander and Moeller et al., 1994), which identified significant 

pattern components with subject scores that were used to identify predictors of the variables of 

interest in this study. The SSM is a modified form of principal component analysis (PCA) used 

to determine which gray matter patterns were the best predictors for the variables of interest. 

Follow up analyses using the covariate factors of overall IQ (F(1,79) = 2.012, p = 0.160), age 

(F(1,79) = 0.766, p = 0.516), gender (F(1,79) = 0.852, p = 0.359), and education (F(1,79) = 

1.456, p = 0.233) were performed using multiple linear regressions to determine whether the 

factors had a contributive impact on any of the observed relationships. Statistical significance 

was taken at p ≤ 0.05 for the multivariate SSM regressions. 

 The anatomical locations in the SSM component patterns related to age and verbal 

performance were identified by an individual (G.T.) using z-score coordinates in the Talairach 

Atlas (Talairach & Tournoux, 1988) and were confirmed by an advising individual (G.A.).  
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Table 1. Subject Demographics  

N 80 

Age (years, mean ± SD) 71.9 ± 10.6 

Age range (years) 52 -88 

Gender (M/F) 43/37 

Education (years, mean ± SD) 16.9 ± 3.2 

Verbal/Perceptual Group (VCI/PRI) 52/28 

HTN status (%HTN) 42 

  

Results 

Relationship between Group Performance Differences and MRI Gray Matter Volume 

 Group differences (high-verbal performance relative to perceptual performance and high-

perceptual performance relative to verbal performance) in MRI gray matter volume in the SSM 

analysis of the VBM processed data were first tested using multiple linear regressions. There 

were no significant component patterns that predicted group differentiation between relatively 

high-verbal and high-perceptual performance between groups when tested as either a dummy 

grouping variable or index score as a continuous variable (F(10,79) = 0.427, p = 0.929). 

 

Relationship between Verbal Performance and MRI Gray Matter Volume 
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 Verbal performance differences in MRI gray matter volume in the SSM analysis of the 

VBM processed data were first tested using multiple linear regressions. The regressions 

identified the first, sixth, and seventh patterns as the best predictors of degree of verbal 

performance. A combination of these three component patterns accounted for 35.1% of the 

variance across subjects (F(3,51) = 5.345, p = 0.003) (see Fig. 1). Next, regressions were 

performed while adding covariance factors of overall IQ, hypertension status, gender, and 

education to determine whether the predictive relationship between verbal performance and the 

three component patterns was conditional upon any of the aforementioned factors. While these 

regressions yielded no significant R-squared changes related to hypertension status (F(1,51) = 

3.554, p = 0.065), gender (F(1,51) = 2.087 p = 0.155), and education (F(1,51) = 0.764, p = 

0.386), overall IQ was found to be a significant contributor to degree of verbal performance 

(F(1,51) = 8.986, p = 0.004). The network pattern of MRI gray matter associated with verbal 

performance was characterized by a regional gray matter decrease in the precuneus region with 

regional gray matter preservations in the prefrontal cortex and preservations in the left lateral 

temporal lobe and bilateral thalami (see Fig. 1). This pattern also showed regional effects in the 

vicinity of those observed in the aging pattern (gray matter volume decreases in the frontal 

cortex), though age itself was not found to be related to the degree of verbal performance.  

 

Relationship between Perceptual Performance and MRI Gray Matter Volume 

 Perceptual performance differences in MRI gray matter volume in the SSM analysis of 

the VBM processed data were first tested using multiple linear regressions. There were no 

significant component patterns that were predictive of degree of perceptual performance on an 

index scale (F(10,27) = 1.224, p = 0.343). 
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Relationship between Age and MRI Gray Matter Volume 

 Age differences in MRI gray matter volume in the SSM analysis of the VBM processed 

data were first tested using multiple linear regressions. The regressions identified the first four 

component patterns as the best predictors of age (F(4,79) = 19.226, p < 0.001). A combination of 

these four component patterns accounted for 45.2% of the variance across subjects (see Fig. 2). 

Next, regressions were performed while adding overall IQ (F(1,79) = 0.163, p = 0.688), 

hypertension status (F(1,79) = 1.930, p = 0.169), gender (F(1,79) = 0.241, p = 0.625), and 

education (F(1,79) = 0.060, p = 0.806) as initial covariates to determine whether the predictive 

relationship between age and the four component patterns was conditionally related to these 

characteristics. These regressions yielded no significant R-squared changes, and the first four 

component patterns remained significant (p < 0.001), affirming that the patterns were most 

indicative of an aging effect. This effect was characterized by a regional gray matter decrease in 

bilateral and medial frontal regions and basal ganglia with relative regional gray matter 

preservations in peri- and parahippocampal regions (see Fig. 2).  

 

Discussion 

These findings indicate a voxel-based regional pattern of age-related reductions in the 

bilateral and medial frontal regions and basal ganglia, in addition to an increase in peri and 

parahippocampal regions. This is consistent with prior findings in healthy aging (Bergfield et al., 

2010; Alexander et al., 2006), and affirms the initial hypothesis that there is a regional pattern of 

gray matter atrophy associated with the healthy aging process. These age-related reductions in 

gray matter correspond to the decline in cognitive function observed in the healthy aging 
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process, such as declines in executive function, decreases in mental efficiency, and general 

cognitive performance deficits. While this study indicates gray matter volume decreases in the 

bilateral and medial frontal regions—thereby accounting for decreases in executive function in 

healthy aging—the results also indicate gray matter volume decreases in the basal ganglia, which 

are strongly interconnected to other cortical regions and are involved in procedural learning and 

overarching cognitive functions, which further elucidates aspects of cognitive decline in the 

healthy aging process.  

These findings also suggest that there is no gray matter network difference between high-

verbal and high-perceptual performance groups in healthy aging, thus opposing the hypothesis 

that individual differences in verbal comprehension versus perceptual reasoning are reflected in 

regional gray matter differences. The lack of a gray matter network predictive of performance 

group membership may be attributed to the structural and cognitive effects associated with the 

aging process given that individuals sometimes identify as either having a verbal or perceptual 

performance style. Furthermore, these individuals in a young-to-middle-aged cohort exhibit 

functional differences when performing verbal or performance-based tasks (Kraemer et al., 

2009). Thus, this seems to indicate that there is a structural versus functional disparity between 

high-verbal and high-performance groups, showing that individuals can identify has having high 

perceptual abilities relative to verbal. These abilities may be subject to an aging effect, thereby 

masking extreme group differences. Additionally, inherent to the investigation of two extreme 

high-performance groups are the different sources of performance variability, such as 

morphological difference, an acquired cognitive skillset, or a combination of the two. These are 

difficult issues to account for in the context of a healthy aging cohort, and further investigation in 
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a young-to-middle-aged cohort may be necessary to determine whether there is a gray matter 

network associated with group differences at different time points in the lifespan.  

The observed gray matter differences in the high-verbal group suggest that individual 

differences in verbal comprehension relative to perceptual reasoning are related to gray matter 

variances that may contribute to aging effects. These differences within high-verbal performers 

could impact cognitive function in the aging process. Further investigation is needed to 

determine whether high-verbal performers experience a positive or negative impact, relative to 

high-perceptual performers, due to these morphological differences in the healthy aging process. 

In addition to exhibiting a reflection of an age-related pattern, the results also indicate structural 

differences predictive of the degree of verbal performance within the high-verbal group. This 

pattern showed regional gray matter decreases in the precuneus, a parietal region on the medial 

surface of the brain. The precuneus lies just anterior to the parietooccipital sulcus and is involved 

in visuospatial processing. Fig. 3. displays the linear relationship (R(2) =0.250, p < 0.001, N = 

52), between the gray matter network and degree of verbal performance, suggesting that higher 

verbal scores are associated with a higher tendency to exhibit gray matter volume decreases in a 

brain region (the precuneus) involved in visuospatial processing, which is more heavily 

implicated in perceptual reasoning tasks. Thus, this suggests that increased verbal performance in 

healthy aging may be related to a decrease in perceptual abilities, and this may be either a long-

standing morphological difference or an effect of the aging process. These findings show that 

there is potential value in further investigating individual variability in cognitive domains to 

determine the basis for such differences in the context of healthy aging. 

There are various factors that may account for the lack of observed gray matter 

differences in the high-perceptual group. Primarily, there were less participants exhibiting high-
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perceptual relative to verbal performance (n = 28). This may be due to two distinct phenomena 

observed in healthy aging: 1) there is an observed increase in vocabulary skills in the aging 

process due to the ability to attain more information, both social and intellectual, throughout the 

aging timespan, and 2) while vocabulary skills experience an increase, perceptual abilities tend 

to decrease in the aging process. Thus, the grouping disparity in this cohort (52 high-verbal 

performers and 28 high-perceptual performers) may be reflective of this common cognitive aging 

effect, and the lack of individuals in the high-perceptual group may contribute to a lack of 

statistical power in analyzing the groups. Additionally, the lack of an observed gray matter 

network predictive of degree of perceptual performance may be due to the lack of variable 

factors related to a decrease in perceptual abilities in the aging process. While high-verbal 

performance in the aging process may be attributed to either inherent verbal skills or an 

increased skillset due to aging, the noted decline of perceptual abilities in the aging process 

indicates that the high-perceptual group may be simply individuals whose perceptual abilities are 

inherently greater relative to verbal abilities, and any gray matter networks associated with this 

phenomenon may be masked by the effects displayed in the aging pattern.   

It is worth discussing that, in general, it has been shown that there is a significant 

correlation between the level of education and individual vocabulary (Nagels et al. 2012). While 

within this study’s sample it was found that education was not significant between the high-

verbal and high-perceptual groups, the average education of the entire cohort was 16.9 ± 3.2 

(years, mean ± SD), which is relatively high, indicating that a majority of the cohort attains at 

least a bachelor’s degree. The number of individuals presenting a verbal comprehension bias 

within the cohort also serves to indicate that the original sample presents an education bias, 

reflecting the correlation between level of education and individual vocabulary. Thus, the 
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differences observed in this healthy aging cohort may be reflective of an aging process particular 

to individuals who have a high level of education.  

In summary, this study shows that there is a network pattern of MRI gray matter 

associated with healthy aging, preferentially affecting frontal regions and the basal ganglia with 

preservations in the peri and parahippocampal regions. Additionally, this study shows that while 

there is no gray matter network predictive of whether individuals are high-verbal or high-

perceptual performers, there is a network pattern of MRI gray matter associated with degree of 

verbal performance within a healthy aging group, and that these structural differences reflect the 

aging effect and may contribute to variances in cognitive function in the aging process. Most 

notably, this high-verbal performance pattern is characterized by gray matter volume decreases 

in the precuneus, a parietal brain region involved in perceptual and visuospatial processes, 

suggesting that high-verbal performers may exhibit verbal preservations in the aging process due 

to a morphologically-based decline in perceptual abilities. An improved understanding of 

cognitive decline in the healthy aging process, by what means distinct cognitive domains are 

affected, and how regional gray matter networks are affected in either process could help provide 

a basis for determining factors that contribute to successful cognitive aging and provide valuable 

information regarding how individuals can better preserve cognitive functions in the aging 

process.  

  



Torre – MRI Networks of Verbal and Perceptual Performance in Aging   17 

 

 

References 

Alexander, G. E., Chen, K., Merkley, T. L., Reiman, E. M., Caselli, R. J., Aschenbrenner, M., ... 

& Moeller, J. R. (2006). Regional network of magnetic resonance imaging gray matter 

volume in healthy aging. Neuroreport, 17(10), 951-956. 

Alexander, G.E. & Moeller J.R. (1994). Application of the Scaled Subprofile Model to 

functional imaging in neuropsychiatric disorders: a principal component approach to 

modeling regional pattern sof brain function in disease. Hum Brain Mapp 2: 79-94. 

Ashburner, K. & Friston, K.J. (2000). Voxel-based morphometry: the methods. NeuroImage 

11:805-821. 

Bergfield, K.L., Hanson, K.D., Chen, K., Teipel, S.J., Hampel, H., Rapoport, S.I., Moeller, J.R., 

& Alexander, G.E. (2011). Age-Related Networks of Regional Covariance in MRI Gray 

Matter: Reproducible Multivariate Patterns in Healthy Aging. Neuroimage, 49(2): 1750-

1759. 

Boyes, R.G., Gunter, J.L., Frost, C., Janke, A.L., Yeatman, T., Hill, D.L., Bernstein, M.A., 

Thomspon, P.M., Weiner, M.W., Schuff, N., Alexander, G.E., Killiany, R.J., DeCarli, C., 

Jack, C.R., & Fox, N.C. (2008). Intensity non-uniformity correction using N3 on 3-T 

scanners with multichannel phased array coils. Neuroimage, 39: 1752-1762. 

Brett, M., Christoff, K., Cusack, R., & Lancaster, J. (2001). Using the Talairach atlas with the 

MNI template. Neuroimage, 13(6): 85. 

Kraemer, D.J.M., Rosenberg, L.M., & Thompson-Schill S.L. (2009). The Neural Correlatives of 

Visual and Verbal Cognitive Styles. J Neurosci, 29(12): 3792-3796. 



Torre – MRI Networks of Verbal and Perceptual Performance in Aging   18 

 

 

Lezak, M.D. Neuropsychological assessment (4th ed). Oxford University Press; New York: 2004.  

Nagels, A., Kircher, T., Dietsche, B., Backes, H., Marguetand, J., & Krug, A. (2012). Neural 

processing of overt word generation in healthy individuals: the effect of age and word 

knowledge. Neuroimage, 61(4): 832-40.  

Newman, L.M., Trivedi, M.A., Bendlin, B.B., Ries, M.L., & Johnson, S.C. (2007). The 

relationship between gray matter morphometry and neuropsychological performance in a 

large sample of cognitively healthy adults. Brain Imaging Behav, 1(1-2), 3-10.  

Nyberg, L., Salami, A., Andersson, M., Eriksson, J., Kalpuzos, G., Kauppi, K., Lind, J., Pudas, 

S., Persson, J., & Nilsson, L.G. (2010). Longitudinal evidence for diminished frontal 

cortex function in aging. PNAS 107(52): 22862-22686. 

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., & Smith, P. K. 

(2002). Models of visuospatial and verbal memory across the adult life span. Psychol 

Aging, 17(2), 299-320.  

Parkin, A.J. & Java, R.I. (1999). Detioration of frontal lobe function in normal aging; Influences 

of fluid intelligence versus perceptual speed. Neuropsychology 13(4): 539-545. 

Perlaki, G., Horvath, R., Orsi G., Aradi, M., Auer, T., Varga, E., Kantor, G., Altbäcke,r A., John, 

F., Doczi, T., Komoly, S., Kovacs, N., Schwarcz, A., & Janszky, J. (2013). White-matter 

mictrostructure and language lateralization in left-handers: a whole-brain MRI analysis. 

Brain Cognition, 82(2), 319-328.  

Piefke, M., Onur, O.A., & Fink, G.R. (2012). Aging-related changes of neural mechanisms 

underlying visual-spatial working memory. Neurobiol Aging, 33(7),1284-1297.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Perlaki%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Horvath%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Orsi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Aradi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Auer%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Varga%20E%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Kantor%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Altb%C3%A4cker%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=John%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=John%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Doczi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Komoly%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Kovacs%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarcz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23792788
http://www.ncbi.nlm.nih.gov/pubmed?term=Janszky%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23792788


Torre – MRI Networks of Verbal and Perceptual Performance in Aging   19 

 

 

Salthouse, T. A. (1992). Influence of processing speed on adult age differences in working 

memory. Acta Psychol (Amst), 79(2), 155-170.  

Talairach, J. & Pierre Tournoux. Co-planar Stereotaxic Atlas of the Human Brain: 3-

dimensional Proportional System: An Approach to Cerebral Imaging. Stuttgart: G. 

Thieme, 1988. Print. 

Welsh, K.A., Breitner, J.C.S., & Magruder-Habib K.M. (1993). Detection of dementia in the 

elderly using telephone screening of cognitive status. Neuropsychiatry, Neuropsychology, 

and Behavioral Neurology, 6: 103-110.  

Wecshler, David. Wecshler Adult intelligence Scale- Fourth Edition (WAIS-IV) Administration 

and Scoring Manual. Pearson Clinical, 2008. Print.  

  



Torre – MRI Networks of Verbal and Perceptual Performance in Aging   20 

 

 

Figures 

 

Figure 1. Network Pattern of MRI Gray Matter Associated with Verbal Performance. Axial 

display of T1-weighted slices depicting three z-score component patterns associated with 

increase in verbal performance on an index scale in a high-performing verbal group (relative to 

perceptual performance) of 52 subjects. Areas in blue indicate gray matter volume decreases, 

while areas in red/orange/yellow indicate relative gray matter volume increases. Numbers next to 

the images indicate coordinates in the z-direction (z-values) represented in millimeters in 

accordance with the Talairach atlas (Talairach & Tournoux, 1988). 
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Figure 2. Network Pattern of MRI Gray Matter Associated with Age. Axial display of T1-

weighted slices depicting a linear combination of four component patterns associated with 

increasing age in the whole healthy aging cohort of 80 subjects. Areas in blue indicate gray 

matter volume decreases, while areas in red/orange/yellow indicate relative gray matter volume 

increases. Numbers next to the images indicate coordinates in the z-direction (z-values) 

represented in millimeters in accordance with the Talairach atlas (Talairach & Tournoux, 1988). 

 

  



Torre – MRI Networks of Verbal and Perceptual Performance in Aging   22 

 

 

 

 
Figure 3. Linear regression depicting the relation between SSM VBM MRI gray matter patterns 

and degree of verbal performance (R(2) =0.25, p < 0.001, N = 52). 
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Figure 4. Linear regression depicting the relation between SSM VBM MRI gray matter patterns 

and age in a healthy aging cohort (R(2) =0.51, p < 0.001, N = 80).  
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