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1. Introduction

Across adulthood, the brain undergoes a variety of structural and cognitive changes that

reflect healthy aging (Caserta et al., 2009). Typical changes in brain morphology include

decreased volume, reduced synaptic density, and increased white matter abnormalities

(Jernigan et al., 2001; Masliah, Mallory, Hansen, DeTeresa, & Terry, 1993; Resnick, Pham,

Kraut, Zonderman, & Davatzikos, 2003). Yet, the regional distribution and the cognitive

correlates of this tissue degradation remain unclear. The structural deterioration of brain

tissue in older adults is thought to be responsible for age-related cognitive decline; thus,

studies have begun investigating the correlations between structural and functional changes

(Bendlin et al., 2010; Caserta et al., 2009). This research has focused heavily on working

memory, processing speed, and executive processes, while other aspects of cognition, such

as language functioning have received less attention (Charlton et al., 2008; Gunning-Dixon

& Raz, 2000; Gunning-Dixon & Raz, 2003). As life expectancy continues to increase, it is

becoming more important to understand age-related neuropsychological changes and their

structural underpinnings.

1.1. White Matter and Language

Early anatomical models of language focused on the superior longitudinal fasciculus (SLF),

a white matter tract believed to connect temporo-parietal language regions to ipsilateral

frontal and opercular areas. For many years, the SLF and arcuate fasciculus (AF) were

viewed as synonymous. However, more recently, four components of the SLF have been
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described. These components connect frontal and opercular areas with the superior parietal

lobe (SLF-I), the angular gyrus (SLF-II), the supramarginal gyrus (SLF-III), and the superior

temporal gyrus (SLF-IV) (Dick & Tremblay, 2012; Makris et al., 2005). Attention has been

given to SLF-IV, the partition viewed as the AF, given its apparent connections between

cortical regions involved in language comprehension (Wernicke’s area) and language

production (Broca’s area). The importance of the AF, originally documented by Wernicke

(1874) and later supported by Geschwind (1965) has remained of theoretical interest. Over

time, slightly different anatomical models of SLF have been proposed (Catani, Jones, &

ffytche, 2005; Glasser & Rilling, 2008) each emphasizing the importance of pathways

connecting frontal regions not only to temporal but also to parietal cortex, which is involved

in semantic processing (Price, 2010).

Diffusion tensor imaging (DTI) is an MRI technique used to measure the diffusion of water

molecules (Basser, Mattiello, & LeBihan, 1994; Pierpaoli & Basser, 1996; Pierpaoli,

Jezzard, Basser, Barnett, & Di Chiro, 1996) in order to visualize white matter fibers and to

assess white matter integrity. These studies have shown age related changes in fractional

anisotropy (FA) and mean diffusivity (MD) (Barrick, Charlton, Clark, & Markus, 2010;

Bennett, Madden, Vaidya, Howard, & Howard, 2010; Draganski et al., 2011) that are

measurable much earlier than age-related white matter volume loss (Westlye et al., 2010).

There is a dearth of studies that assess the mediating effect of white matter integrity on the

relationship between age and language performance. However, there is evidence that FA in

language-related brain regions can predict performance on a variety of language-related

tasks including grammar learning (Floel, de Vries, Scholz, Breitenstein, & Johansen-Berg,

2009), reading ability (Klingberg et al., 2000), lexical decision making speed (Gold, Powell,

Xuan, Jiang, & Hardy, 2007), and verbal fluency (O’Sullivan et al., 2001). Evidence from

recent studies investigating the relationship between white matter integrity and picture

naming suggests that decreased FA contributes to impaired word retrieval in healthy aging

(Stamatakis et al., 2011; Obler et al., 2010). These authors suggested that with advancing

age, successful naming requires an intact system of white matter tracts as older adults recruit

left hemisphere areas beyond the traditional perisylvian region as well as right hemisphere

areas to compensate for increased difficulty performing the task. In both studies (Obler et

al., 2010; Stamatakis et al., 2011), the authors examined correlations between naming

performance and white matter integrity on a voxel-by-voxel basis rather than by

investigating the contribution of specific white matter tracts; other aspects of language

functioning beyond naming performance were not assessed.

1.2 Language and Aging

Language processing relies on the recruitment of specific cortical regions as well as proper

organization of these regions into effective networks. For the majority of individuals, this

network includes anterior (frontal) and posterior (temporo-parietal) regions of the left

hemisphere; several right hemisphere regions participate in this process to a lesser extent

(Donnelly, Allendorfer, & Szaflarski, 2011; Kim, Karunanayaka, Privitera, Holland, &

Szaflarski, 2011; Price, 2000). Thus, one would expect age-related neuroanatomical changes

to negatively impact the efficiency of this widespread language system. Yet, when compared
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to other neuropsychological skills, rather subtle changes in linguistic ability are noted with

age. For example, word knowledge, or one’s understanding of vocabulary, has been shown

to increase throughout middle adulthood, eventually declining in late adulthood (Schaie &

Willis, 1993; Zelinski & Burnight, 1997). In addition, both the grammatical complexity and

propositional content of spontaneous speech appear to decline during the mid-70s (Kemper,

Marquis, & Thompson, 2001).

Older individuals frequently complain of naming difficulties, or an inability to retrieve the

names of people and objects. Their perception is consistent with research showing that not

only does confrontation naming ability decrease with age (Albert, Heller, & Milberg, 1988;

Nicholas, Obler, Albert, & Goodglass, 1985; Zec, Burkett, Markwell, & Larsen, 2007), but

older individuals are significantly slower than younger individuals in producing the name of

common objects (Thomas, Fozard, & Waugh, 1977). Performance on the Boston Naming

Test (BNT), a common test of confrontation naming ability (Kaplan, Goodglass, Weintraub,

1983), remains fairly stable until individuals are in their 70s, at which point a significant

decline is noted (Albert et al., 1988).

Other age-related changes include the emergence of the tip-of-the tongue phenomenon

(Burke & Shafto, 2004; Stamatakis et al., 2011) that has been proposed to occur when

semantic and lexical representations of a given word are activated simultaneously, but

activation of the phonological information about the word is incomplete (Burke & Shafto,

2004). Further, verbal fluency measures such as the Controlled Oral Word Association Test

(COWAT) and the Semantic Fluency Test (SFT) are also known to decrease with age

(Hultsch, Hertzog, Small, McDonald-Miszczak, & Dixon, 1992; McDowd et al., 2011).

However, studies have shown that in contrast to the semantic measures, older adults’

comprehension of spoken language remains largely intact, with significant declines in

performance occurring only with increased task demands, such as syntactic complexity and

increased speech rate (Peelle, Troiani, Wingfield, & Grossman, 2010; Wingfield, Peelle, &

Grossman, 2003). Taken together, the literature on language functioning in adults suggests

that healthy aging affects the successful retrieval and production of language as well as

certain aspects of language comprehension. However, the role of white matter integrity in

the relationship between healthy aging and language is not clearly understood.

1.3 Aim

The aim of the current study was to examine the relationship between white matter

microstructure and language functioning in a large group of healthy adults ranging in age

from early to late adulthood. We hypothesized that fiber integrity of white matter tracts

connecting cortical regions known to be involved in language processes will decrease

significantly across the adult age range. Specifically, we hypothesized that increased age

will be associated with decreased FA in the SLF of the left hemisphere and that it would be

linked to poorer performance on neuropsychological measures of language including the

Boston Naming Test (BNT), Semantic Fluency Test (SFT), Controlled Oral Word

Association Test (COWAT), and the Peabody Picture Vocabulary Test (PPVT-4).
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2. Results

There were no differences between males and females in age or mean test scores on the

PPVT-4, BNT, COWAT, and SFT (Table 1).

2.1. Effects of white matter microstructural integrity on language functioning

The relationship between FA and language performance was initially examined using

multiple regression analyses. However, due to the non-normal distribution of BNT scores,

robust regression analyses were also employed. Multiple regression and robust regression

yielded similar results for PPVT-4, COWAT, and SFT scores. Therefore, only multiple

regression results are reported for these test variables. Given that BNT scores were

significantly negatively skewed, and the prediction of scores on this test was different

depending on whether multiple regression or robust regression was employed, the use of

robust regression was preferred for this measure.

As shown in Table 2, regression models predicting language performance using age and FA

were not significant. Neither age nor FA from the SLFt and SLFp tracts were able to

independently predict scores on the PPVT-4 or SFT. However, SLFt FA was a significant

predictor of COWAT performance, and age was a significant predictor of BNT

performance. Increased SLFt FA and increased age were positively associated with

performance on the COWAT and BNT, respectively.

Next, the ability of age and FA to predict language performance was analyzed separately in

males and females. For males, age and FA were once again not significant predictors of

performance on the PPVT-4 and SFT. In the model predicting COWAT performance, SLFt

FA was found to be a significant predictor. Once again, robust regression was preferred for

the prediction of BNT performance, and both age and SLFp FA were found to be positively

associated with BNT scores (Table 3). When female subjects were analyzed independently,

age and FA were not significant predictors of scores on PPVT-4, SFT, and BNT. However,

SLFp FA was found to be a negatively associated with COWAT performance (Table 4).

2.2. Effects of age on white matter microstructure

We also analyzed the effect of age on FA in the SLF. The overall model using age and sex

to predict FA in the SLFt tract was significant, F (1, 111) = 3.25, p = 0.04, R2 = 0.06. A

significant main effect of sex was observed, F (1, 111) = 4.84, p = 0.03. However, there was

no main effect of age. To better understand the main effect of sex, the relationship between

sex and FA was examined. Females had significantly lower FA values than males in the

SLFt (Table 1). Regression analyses revealed that, with increasing age, males show a linear

decrease in FA. In contrast to males, the relationship between age and FA in females was

better explained by a quadratic curve (Figure 1). Males showed a gradual decline beginning

in early adulthood while females showed an increase in FA until approximately age 40,

followed by a decline.

The overall model using age and sex to predict FA in the SLFp tract was not significant, F

(1, 111) = 1.38, p = 0.26, R2 = 0.03. There was no main effect observed for either age or sex.

Given that the relationship between age and FA differed for males and females in the SLFt,
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this relationship was explored in the SLFp tract as well. Mean FA values from the SLFp did

not significantly differ between males and females (Table 1). The relationship between age

and FA in the SLFp tract was best described with a quadratic curve for both males and

females. As in the SLFt tract, females showed a slight increase in FA until approximately

age 40 before a gradual decline was noted. As age increased in males, FA values decreased

across early adulthood before plateauing around age 50 (Figure 1).

3. Discussion

The results of the current study suggest that white matter integrity of the SLF follows a

different pattern of decline in adulthood for males and females, and this decline

differentially affects language functioning. Until recently, research investigating the neural

correlates of aging has focused on macrostructural variables such as white and grey matter

volume, as well as white matter hyperintensity burden. DTI has allowed for the investigation

of axon-based microstructural properties of brain; it consistently shows widespread age-

related declines in FA and increases in MD (Barrick et al., 2010; Bennett et al., 2010;

Burgmans et al., 2011; Charlton et al., 2006; Draganski et al., 2011; Stamatakis et al., 2011;

Ziegler et al., 2010) that usually precede white matter volume loss (Westlye et al., 2010),

suggesting that a decline in white matter integrity may be an early sign of age-related brain

degradation, and perhaps the onset of cognitive decline. In a sample of healthy participants

aged 8 to 85 global FA showed an inverted U-shaped relationship with age, peaking around

age 30 and slowly declining thereafter; FA in the SLF showed a similar pattern, peaking at

approximately 30 years of age (Westlye et al., 2010). The results of the current study reveal

a similar pattern for FA in the SLFt, although FA in the SLFp showed a gradual linear

decline (Figure 2). Despite a similar pattern of results, the relationship between age and FA

in the SLF was not significant for the current study; this discrepancy between studies is

likely related to the much larger number of subjects and age range in the sample examined

by Westlye et al.

The current study highlights the importance of investigating the neural correlates of aging

separately in males and females. Previous research indicates that males and females differ in

total white matter volume and its patterns of age-related decline (Bendlin et al., 2010; Good

et al., 2001). However, males and females show an equivalent pattern of age-related

microstructural deterioration of white matter (Sullivan, Adalsteinsson, Hedehus, Ju,

Moseley, Lim, & Pfefferbaum, 2001). For example, Sullivan et al. (2001) assessed age-

related decline of regional white matter coherence in five regions (genu, splenium, bilateral

frontal and bilateral parietal pericallosal white matter, and centrum semiovale) and showed

similar patterns of decline for males and females. In contrast, the current study found

different patterns of age-related decline in FA of the SLF for males and females. FA in

females followed an inverted U-shaped relationship with age for both the SLFt and SLFp

while males showed a gradual decline in SLFt FA with age, and in the SLFp, FA gradually

declined until approximately age 50 before reaching a plateau. Interestingly, males showed

significantly higher mean FA values than females in the SLFt. Therefore, despite showing

an earlier decline in this tract, males do not show decreased white matter integrity beyond

that of females (Figure 1).
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While the results suggest a decrease in white matter integrity of the SLF in late adulthood, a

significant relationship between age and FA was not observed. It is possible that only

portions of the SLF are negatively impacted with increased age. For example, there is

evidence that aging selectively impacts frontal white matter regions (Dempster, 1992;

Greenwood, 2000; West, 1996). Several DTI studies support this “frontal aging hypothesis,”

and show an anterior to posterior gradient in the decline of white matter integrity with

reduced FA and increased MD of frontal lobe structures despite relative preservation of

posterior brain regions (Abe et al., 2008; Lehmbeck et al., 2006; Pfefferbaum et al., 2005;

Salat et al., 2005; Stamatakis et al., 2011). Further, there is a much steeper decline in FA of

the genu compared to the splenium of the corpus callosum (Abe et al., 2008; Kochunov et

al., 2007; Lehmbeck et al., 2006; Salat et al., 2005; Sullivan, Adalsteinsson, Hedehus, Ju,

Moseley, Lim, & Pfefferbaum, 2001). Given our findings, it is possible that the SLF shows a

similar pattern of decline with white matter integrity decreasing earlier in more anterior

portions of the tract. Average FA values were extracted from two separate bundles of the

SLF, extending from the frontal lobe to both temporal and parietal cortex. However,

variations in FA between anterior and posterior regions of this tract were not assessed.

Although age-related differences in white matter microstructure are interesting, little is

known about the impact of white matter integrity on cognitive functioning across the age

span, and studies investigating the neuroanatomical correlates of cognitive performance

have provided inconsistent results (Raz & Rodrigue, 2006). The claim of the frontal aging

hypothesis is that selective deterioration of frontal brain regions drives age-related cognitive

decline. However, the frontal aging hypothesis remains controversial, and some studies have

failed to find preferential frontal involvement (Barrick et al., 2010; Draganski et al., 2011).

Thus, Greenwood (2000) recommends moving away from a localizationist approach such as

the frontal aging hypothesis and toward a network-based theory of cognitive aging, focusing

on functional networks involving more than one lobe. This is because the age-related decline

in white matter integrity may lead to decreased cognition through the process of “cortical

disconnection” and disruption of the white matter pathways connecting widespread cortical

networks (Geschwind, 1965; Mesulam, 1990; O’Sullivan et al., 2001).

The current study utilizes a network-based theory of cognitive aging to examine the effect of

age-related changes in the connections of the SLF, which is known to play a large role in the

language network of the frontal, temporal, and parietal brain regions. We hypothesized that

performance on neuropsychological language measures would be associated with SLF FA.

However, regression models using age, SLFt FA, and SLFp FA to predict performance on

each of the language measures (PPVT-4, COWAT, SFT, BNT) were not significant (Table

2). In attempting to assess the interaction between sex and SLF FA, it became clear that the

interaction terms were highly collinear in spite of centering. In order to reduce this

collinearity, the relationship between FA and language performance was examined

separately for males and females. Although the models were not significant in predicting

language performance for either males or females, SLFt FA, SLFp FA, and age predicted

language performance differently across the sexes. Overall, SLFt and SLFp FA values were

not significant predictors of performance on the PPVT-4 and SFT. Increased SLFt FA was

significantly related to improved performance on the COWAT. However, when males and

females were analyzed separately this relationship remained significant only for males. The
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relationship between SLFt FA and COWAT performance is consistent with the current

knowledge regarding verbal fluency tasks in that performance on such tasks draws heavily

on semantic knowledge, but also requires speeded executive and retrieval processes;

therefore, it relies on the transfer of information between temporal and frontal language

regions. Similar results were found by O’Sullivan et al. (2001) who showed verbal fluency

scores to correlate with FA of middle white matter. This relationship was independent of

age, sex, and premorbid IQ. Although SLFt FA was not a significant predictor of COWAT

performance in females, the results revealed that increased SLFp FA was associated with

decreased performance on the COWAT. It is unclear why SLFp white matter integrity

would be negatively related to language functioning. SLFp FA was positively associated

with BNT performance in males, which is not surprising given the importance of parietal

language regions to semantic retrieval and speech production. FA from the parietal portion

of the SLF is perhaps related to BNT performance given its close proximity to visual cortex.

BNT performance requires processing of visually presented stimuli as well as semantic

retrieval.

Although there is some evidence that SLF FA is associated with phonemic verbal fluency

performance and naming performance, a strong relationship between FA and language

performance as measured by various neuropsychological measures was not observed in the

current study. The lack of strong findings is likely a result of the limited number of adults

over the age of 70 included in the study. There is evidence that cognitive decline occurs

rapidly in this age group (Giambra, Arenberg, Kawas, Zonderman, & Costa, 1995).

Longitudinal data from the Berlin Aging Study revealed a steeper decline in verbal fluency,

episodic memory, processing speed, and word knowledge in individuals in their 80s and 90s

compared to those at earlier stages in adulthood (Singer, Verhaeghen, Ghisletta,

Lindenberger, & Baltes, 2003). Thus, the observed lack of association between age and

language performance in our study is not entirely surprising. In order to determine whether

age-related disruption in white matter integrity explains declines in language functions the

sample needs to include an expanded age range.

The importance of including older individuals when assessing the relationship between age

and cognition is highlighted in the cognitive aging literature. Research in this area has

established that a variety of neuropsychological functions decline with healthy aging.

However, there are some cognitive domains that seem to remain relatively preserved until

late in adulthood, leading to a differentiation between “crystallized” abilities (e.g. acquired

knowledge) and “fluid” abilities (e.g. reasoning, working memory, processing speed)

(Caserta et al., 2009; Cattell, 1971; Horn, 1978). It is often assumed that fluid abilities show

a decline with increasing age, while crystallized abilities remain relatively stable or even

show a positive relationship with increasing age (Cattell, 1971; Horn, 1978; Singer et al.,

2003). However, there is evidence that this pattern does not remain in very old age, at which

time both crystallized and fluid abilities show a decline (Giambra et al., 1995; Lindenberger

& Baltes, 1997). In the current study, age was positively associated with BNT performance,

which is likely a reflection of the ability for crystallized abilities to improve with age. Given

the differentiation between crystallized and fluid abilities, it is reasonable to speculate that

fluid language abilities, such as phonemic (COWAT) and semantic (SFT) verbal fluency

will decline at an earlier age than receptive vocabulary (PPVT-4) and naming ability (BNT).
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It is believed that with the inclusion of more subjects over the age of 70 this pattern of

decline would be evident. This is comparable to a theory of language and aging put forth by

Harley et al. (2011) who argued that aging is associated with a decline in deliberative

processing skills rather than automatic language processes, which do not demand attention.

Deliberative processing requires general executive resources and depends on the integrity of

brain areas outside traditional language regions, most notably the frontal lobes. It involves

the recruitment of more general cognitive processes, such as planning, strategy, and

suppression for language use. Harley et al. (2011) proposed that age-related deterioration of

the frontal lobes has profound effects on deliberative processing and is responsible for

language difficulties experienced by older adults.

Proponents of the common-cause theory of cognitive aging would argue that age-related

decline in language functioning, as well as in other cognitive domains is the result of a

deficit in a single underlying principle (Span, Ridderinkhof, & van der Molen, 2004). The

most prominent example of this theory is the notion that age-related decline in information

processing speed is responsible for a variety of cognitive deficits in adulthood, including

verbal fluency, executive functioning, spatial abilities, and memory (Bryan et al., 1997;

Salthouse, 1993). Unfortunately, the current study did not assess performance in cognitive

domains beyond language functioning, and therefore, it was not possible to examine whether

variability in language performance can be attributed to efficiency of a separate cognitive

operation such as processing speed.

A variety of imaging modalities have been used in the cognitive aging literature to evaluate

structure-function relationships. Unfortunately, the strength of these relationships remains

modest and difficult to replicate (Raz & Rodrigue, 2006). As a result, our current

understanding of the relationship between white matter integrity and cognition across

adulthood remains incomplete. The discrepancies found in the literature are likely a result of

the varying methods of measurement utilized. While some studies employ whole brain

voxel-wise analyses, others either evaluate white matter indices in large regions of interest

or obtain localized, fiber-tract specific measures. In the current study, FA was analyzed in a

single white matter tract. However, while there are individual differences in white matter

integrity across different tracts, an overall global decrease in white matter integrity is

observed (Penke et al., 2010; Wahl et al., 2010). Thus, some proposed the use of global

rather than tract-specific measures to assess language functioning across ages (Penke et al.,

2010).

It is important to look beyond the SLF when examining the relationship between white

matter integrity and language functioning (Dick & Tremblay, 2012). For example, recent

findings questioned the long-held belief that the structural symmetry of the AF reflects

functional hemispheric lateralization for language (Vernooij et al., 2007). Further,

anatomically the AF appears to project to the premotor area and not Broca’s area as

previously believed (Bernal & Altman, 2010). Although Bernal and Altman (2010) are the

first to report this discrepancy, they indicate that a closer look at the previous tractography

studies of AF (Catani & Thiebaut de Schotten, 2008; Glasser & Rilling, 2008) supports their

findings. While previous publications describe the AF connecting the posterior temporal

lobe to the inferior frontal gyrus (Catani & Thiebaut de Schotten, 2008; Glasser & Rilling,
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2008), Bernal and Altman (2010) point out that their images show anterior projections of the

AF located in the premotor area (BA6), not Broca’s area (BA44) and speculate that earlier

reports may have been affected by “knowledge bias.” These emerging findings may result in

a revision of the language model. However, there is evidence that the premotor area is

involved in producing and perceiving speech (Wilson, Saygin, Sereno, & Iacoboni, 2004).

Thus, the importance of the AF will likely remain regardless of whether it terminates in

premotor cortex or the inferior frontal gyrus as previously believed. Given the complexity of

language, it is important to note that the current study provides limited information, and an

investigation of the relationship between white matter integrity and language functioning

should include white matter pathways beyond the SLF.

The cross sectional design is a limitation of the current study as previous research revealed

discrepancies between cross-sectional and longitudinal data on aging populations (Singer et

al., 2003). Comparing older and younger adults provides useful information regarding the

relationship between structural and functional decline. However, longitudinal data is better

in drawing the connection between the decline in white matter integrity, age, and decreased

language functioning. Another weakness of the current study is that information regarding

the participants’ education was not included. It would be helpful to control for one’s level of

education as one’s previous knowledge may help to delay the decline associated with the

deterioration of white matter integrity. Similarly, bilingualism has also been shown to

improve the brain’s ability to cope with white matter decline in aging, minimizing its effects

on cognition (Gold, Johnson, & Powell, 2013). Participants in the current study spoke

English as a first language. However, it is unclear how many of these individuals were

bilingual. Finally, an FA value averaged over the entire length of the SLF was utilized in the

study. It has been shown that diffusion measurements vary along the tract trajectory

(Yeatman et al., 2011; Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012). This can

occur as a result of anatomical features of the tract, such as curvature, as well as crossing

fibers that lower FA where they intersect. In addition, axons do not run the entire length of a

fascicle. Therefore, averaging along tracts may have masked potentially important

information regarding the diffusion architecture of the SLF, and impaired the ability to make

correlations between language functioning and white matter integrity. Yeatman et al. (2012)

examined correlations at multiple locations along the trajectory of the SLF and found that

the correlation between FA and basic reading skills was higher for a central portion of the

tract compared to distal portions of the tract in a group of children ages 9 through 16. It

would be interesting to apply a similar technique to determine whether FA in portions of the

SLF are more strongly correlated with the neuropsychological measures of language

functioning collected in the current study. Lastly, the current study did not assess the

relationship between language functioning and FA in white matter tracts beyond the SLF,

and it did not include cognitive domains other than language. Therefore, it is unclear

whether the correlations between language performance and FA in the SLF are specific to

language abilities or reflect a broader relationship between SLF FA and cognition in general.

In future studies, it will be important to assess the relationship between language

performance and FA values obtained from a white matter tract that is believed to be

unrelated to language functioning.
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In summary, white matter integrity of the SLF follows a different pattern of deterioration for

males and females. While this deterioration was not strongly associated with performance on

language related neuropsychological tests, the results suggest that a decline in whiter matter

integrity is associated with impaired verbal fluency. Given that language ability is thought to

remain relatively stable until late adulthood, it is believed that replication of this study with

a larger number of older adults will significantly improve our understanding of the

relationship between white matter integrity of the SLF and language functioning.

4. Experimental Procedure

4.1 Participants

Participants included 112 healthy, right-handed volunteers ranging in age from 19 to 76

years (M = 43, SD = 15.14) recruited through local advertisements and word of mouth. Of

these participants, 67 were female and 45 were male (see Table 5). Handedness was

determined by the Edinburgh Handedness Inventory (EHI), with a laterality quotient greater

than 50 representing right-handed preference (Oldfield, 1971). For inclusion, participants

were required to speak English as a first language and have no history of neurological or

psychiatric disease. This research is part of a larger study, which was approved by the

University of Cincinnati, Cincinnati Children’s Hospital, and University of Alabama at

Birmingham Institutional Review Boards. Each participant provided written informed

consent prior to participation in the study.

4.2 Magnetic resonance imaging

All MRI data were acquired on a 3.0 Tesla Phillips MRI system. First, a high-resolution T1-

weighted three-dimensional anatomical scan was obtained (TR/TE = 8.1/3.7 ms, FOV 25.0

× 21.1 × 18.0 cm, matrix 252 × 211, flip angle 8°, slice thickness = 1 mm). Diffusion

weighted data were acquired using echo planar imaging (TR/TE = 9513/69 ms, slice

thickness = 2.38 mm, matrix = 76 × 67, FOV = 18.0 × 16.2 cm). Diffusion weighting was

isotropically distributed along 32 directions by using a b value of 800 s/mm2.

4.3 DTI processing

Automated procedures in FreeSurfer (version 5.1.0; http://surfer.nmr.mgh.harvard.edu) were

used to reconstruct each subject’s T1-weighted anatomical image. The procedure for surface

construction with FreeSurfer has been described and validated previously (Dale, Fischl, &

Sereno, 1999; Fischl, Sereno, & Dale, 1999; Fischl & Dale, 2000). Briefly, the process

involves intensity normalization, skull-stripping, segmentation of white and grey matter,

tessellation and smoothing of the white matter/grey matter junction, and cortical

parcellation. Next, white matter pathways were reconstructed with TRACULA (TRActs

Constrained by UnderLying Anatomyhttp://surfer.nmr.mgh.harvard.edu/fswiki/Tracula), a

tool available in FreeSurfer for automatically reconstructing 18 white matter pathways from

diffusion weighted images using probabilistic tractography. TRACULA relies on prior

knowledge of pathway anatomy from a set of manually labeled training subjects to

reconstruct major white matter bundles. Thus, pathways are constrained based on anatomical

knowledge of surrounding structures rather than to the exact spatial location of tracts

(Yendiki et al., 2011).
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For the purpose of this study, the focus was on the SLF of the left hemisphere. TRACULA

differentiates between two components of the SLF based on those listed in Wakana et al.

(2007): a superior portion (SLFp) that connects parietal (angular and supramarginal gyri)

regions to ipsilateral frontal and opercular areas and an inferior portion (SLFt) that connects

temporal (superior/middle temporal gyri) with ipsilateral frontal areas (Bernal & Altman,

2010; Wakana et al., 2007). Based on the subdivision of the SLF discussed above (Makris et

al., 2005), the SLFt and SLFp correspond most closely to SLF III and the AF, respectively.

An example of these reconstructed pathways is shown in Figure 3. Average FA values were

extracted from each of these white matter tracts, resulting in two FA values for each subject:

SLFp, and SLFt.

4.4 Neuropsychological Measures

The PPVT-4 is a measure of receptive vocabulary. The examinee is presented with a series

of pages, each containing four pictures. For each page, they are read a word and asked to

point to the picture that the word describes. The BNT is a tool used to measure confrontation

naming ability. The BNT contains 60 line drawings and the examinee is asked to name each

picture. The COWAT is a measure of one’s ability to spontaneously produce words

beginning with a given letter. Subjects were presented with three letters and given 60

seconds for each letter. The total number of words produced across the three trials was used

for this study. The SFT is a measure of one’s ability to say aloud as many names of items

belonging to a certain category in a 60 second trial. Subjects were presented with three

categories and the total number of items produced over the three trials was used. Raw scores

for each of these measures were used for the purpose of this study.

4.5 Data Analysis

To assess the relationship between age and FA, data for each white matter tract were

analyzed in a separate general linear model. In each model, age served as a continuous

independent variable, sex was a categorical independent variable, and FA values from the

tracts of interest (SLFt, SLFp) served as continuous dependent variables. The interaction

between sex and age was explored and found to be not significant, and so it was excluded

from the models. Each language measure (PPVT, BNT, COWAT, SFT) was then analyzed

using a separate regression model with age and FA from SLFt and SLFp tracts as predictors.

In addition to these models, robust regressions were conducted to evaluate whether

influential data points were affecting the results. If the results of the two procedures were

similar, then this offered assurance that the ordinary regression results were not misleading

due to the influence of outliers or highly leveraged data points. In the few cases where the

robust regressions did yield different results, we reported those. The decision was in no case

based on which of the two results yielded significant findings. To reduce the effects of

multicollinearity, all interaction terms were calculated by centering on the sample means of

the constituent main effects.

Effects of sex—While males and females are reported to show an equivalent pattern of

age-related microstructural deterioration of white matter (Sullivan, Adalsteinsson, Hedehus,

Ju, Moseley, Lim, & Pfefferbaum, 2001), previous research indicates that males and females

differ in total white matter volume and patterns of age-related decline in white matter
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volume (Bendlin et al., 2010; Good et al., 2001). Further, some differences in the patterns of

cortical involvement in language production between sexes have been observed (Allendorfer

et al., 2012). Thus, the possibility of structural differences in white matter underlying these

cortical areas needed to be considered in the present study. The interactions between sex and

both SLFt FA and SLFp FA were included in the models used to predict performance on

each of the language measures. It was discovered that the interaction terms were significant

in several preliminary models, but the significance was inconsistent and contingent upon

whether one or both interaction terms were included simultaneously. These indistinct results

in conjunction with the literature brought into question whether sex moderates the

relationship between FA and language functioning. Therefore, the models described above

were estimated separately for males and females.
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Highlights

Integrity of the left superior longitudinal fasciculus was assessed across adulthood.

Males and females show a different pattern of decline in fractional anisotropy.

White matter integrity affects language performance differently for males and

females.
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Figure 1.
The relationship between age and FA in males and females.
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Figure 2.
The relationship between age and FA in the SLF.
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Figure 3.
Example of SLFt (yellow) and SLFp (red) reconstructed in one study participant.
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